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ABSTRACT

Experimental data on the absorption coefficient of alkali halides were
searched, compiled, and analyzed. It was found that the bulk of available data
were concentrated to the absorption edges of the main transparent region and
were for the seven materials LiF, NaF, NaCl, KCl, KBr, KI, and Csl. Although
the intrinsic absorption can be calculated by using the exponential dependence
of absorption coefficient on frequency which is formulated on the basis of
available data, discrepancies occur in the region where absorption is extremely
low, as observed at the wavelengths of interest to laser technology. At low
absorption levels, extrinsic absorptions due to impurities and surface contam-
ination dominate the intrinsic absorption by factors ranging from fractioms
to factors by ten. Experience has shown that extrinsic contributions can be
reduced through improved crystal growing and surface polishing techniques.
Another possible reason for the discrepancies may be the limit of instrument

-1

sensitivity, since absorption coefficient lower than 7 x 10~° cm™! cannot be

detec*ed with certainty.

The results of this work on th~ alkali halides are given in two separate
reports. Presented in this report are essentially the up-to~date knowledge
of available data and the recommended room-temperature values of absorption
coefficient in the ldser wavelength and multiphonon absorption region. In
the second report, results on the data analysis and theoretical studies for

the temperature dependence of absorption coefficient will be given.

Key Words: absorption coefficient, optical constants, alkali halides.
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1. INTRODUCTION

The purpose of this work is to present and review the available data and
information on the absorption coefficient of alkali halides, to critically eval-
uate, analyze, and synthesize the data, and to make recommendations for the
most probable values of the absorption coefficient. The investigation covers
the widest possible wavelength and temperature ranges and is based on the purest
samples of alkali halides.

The need for ultraviolet and infrared photographic and detecting devices
and the development of high-energy lasers and their associated applications
have resulted in requirements for a wide variety of highly transparent optical
components, such as windows, lenses, and polarizers. In selecting materials
of practical importance, one is concerned with the transparent region which
covers various lines of interest. For a given crystal, the width of the main
transparent region is governed by two factors. On the short wavelength side,
transmission is restricted by electronic excitation, and for long wavelengths
by molecular vibrations and rotations. The width of the transparent spectral
range increases as the energy for electronic excitation is increased and that
for molecular vibrations decreased. Theoretical and experimental studies on
the ionic crystals indicate that crytslas having small ions with strong bonding
have a wide ultraviolet transparency; this is true for alkali halides. 1In
Figure 1, a schematic view of the absorption spectrum of a typical alkali halide
crystal is shown. At the right (w40 ym) are seen the absorption peaks associ-
ated with optical phonons while nearer to the left (v0.15 pym) are seen the
absorption peaks asscciated with excitons. It is seen that the transparent
region of alkali halides covers a spectral range that is suitable to most prac-

tical applications.

The alkali halides are typical ionic compounds and their physical properties
are in general well understood. The majority of the alkali halides crystallize
in the rock salt structure in which each cation (alkali metal ion) is surrounded
by six nearest neighbor anions (halogen ions), and each anion by six nearest
neighbor cations. The cations and anions are each situated on the points of
separate face-centered cubic lattices, and these two lattices are interleaved
with each other. This type of crystal is called the B-form. A few of the
alkali halides normally crystallize in & slightly different arrangement,
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typified by the room~temperature structure of cesium chloride. In this structure,
each cation is surrounded by eight nearest neighbor anions and conversely.

The cations and anions in this structure may be considered to occupy, respec~-
tively, the points of two inter-penetrating simple cubic lattices. This type

of crystal is called the a-form. A few physical properties of alkali halide
crystals are listed in Table 1.

The applications of high-power infrared lasers, which are now being developed
at a rapid rate, are largely limited by the lack of suitable transparent opti-
cal materials. As a result, much of the high-power laser research is directed
toward finding adequate high-temperature window and dome materials in the wave-
length region of 2 to 6 um and near 10.6 um. The alkali halides have large
transmission ranges from the ultraviolet to the infrared and are available
in large sizes and high purity. They are excellent materials for photochemists
who are interested in ultraviolet transparency and for laser scientists who
are considered with infrared transmission. In spite of their intrinsic phys-
ical w~eaknesses, they are considered good window materials and are recommended
by the National Materials Advisory Board [1]. Efforts are being made to im-
prove their mechanical strength and thermal endurance without altering their

optical properties.

Among the various optical properties, those of practical importance are
refractive index and absorption coefficient. The latter is especially impor-
tant in the application of high-energy lasers because many unfavorable effects,
which are not observed at low energy level, are developed at high power levels.
No matter how low the absorption 1s, the effect is objectionable at high-energy
levels. As a natural consequence, the magnitude of absorption coefficient is

the key parameter in selecting the laser window materials.

Over the past years extensive theoretical and experimental investigations
have been conducted in an effort to determine the absorption property for op-
tical materials and to identify the mechanisms influencing the absorption.

As a result, numerous measurements and calculations have been reported. How-
ever, the available information is dispersed through the literature chronolog-
ically as well as geographically. A concise and comprehensive literature survey,
data compilation, and analysis is still not available. Yet the overall profile
of the available data and predictions of most probable values are indispensible

for sclentific research and engineering applications. Because of this reason,
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TABLE 1, SOME PHYSICAL VROPURTINS OF ALKALY HAL!ILLS
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the present work was initiated. Inherent in the character of this work is
the fact that we have drawn most heavily upon the scientific literature and

feel a debt of gratitude to the authors whose results have been used.

Although all of the alkali halides are, in principle, good optical materials,
some of them, however, are intrinsically unsuitable for ordinary applications.
They are either physically inadequate or chemically unstable. As a result,
available data on the optical constants are concentrate to the following seven
materials: LiF, NaF, NaCl, KC1, KBr, KI, and Csl, which are being presented

in this work.

Results of the present work are given in twno separate reports, Part 1
and Part II. The first report constitutes essentially the reporting of cur-
rent status of available data. Material is comprehensively compiled and dis-
played so that one can see at a glance the spectral distribution of available
data and the variation of data with respect to temperature and frequency.

In addition, efforts are made to generate recommended values of absorption
coefficient tur the laser wavelengths and the multiphonon region, The result
is an expression that relates the molecular weight of the crystal and a key
parameter in an equation that predicts the intrinsic absorption coefficient.
Details of this finding is discussed in the section of the report entitled
"Summary of Results and Recommendations.” In the second report, which will
be submitted later, efforts on data analysis and theoretical studies are Jdis-
cussed. It has been experimentally observed in alkali halide crystals, that
the exponential dependence of absorption coefficient on frequency holds in
the multiphonon region as well as in the Urbach tail region. Furthermore,

a power law seems to be generally valid in relating the absorption coefficient
with temperature in the temperature region >200 K. All of these features are
clearly displayed in the first report. It can be sr~en that analytical expr:s-
sions similar to those for the Urbach tail can be formulated for the multifhonon

region.




o

T T T T ™ e -

2. BACKGROUND ON THEORETICAI. CONSIDERATIONS AND METHODS OF MEASUREMENT

The study of the propagation of light through matter, particularly solids,
comprises one of the important and interesting branches of optics. The many
and varied optical phenomena exhibited by solids include selective absorption,
dispersion, double refraction, polarization effects, and electro-optical and
magneto-optical effects. Many of the optical properties of solids can be under-

stood on the basis of classical electromagnetic theory.

The macroscopic electromagnetic state of solilds, at a given site, is
described by four quantities:
(i) The volume density of electric charge
(1i1) The volume density of electric dipoles, called the polarization .
(iii1) The volume density of magnetic dipoles, called the magnetization
(iv) The electric current per unit area, called the current density
All ot these quantities are considered to be macroscopically averaged in order
to smeoth out the microscopic variations due to the atomic makeup of matter.
They are related to the macroscopically averaged electric and magnetic fields

by the well known Maxwell equations [9].

Detailed discussion of Maxwell's equations is beyond the intended scope
of the present work. What we should bear in mind is that the general solution
of Maxwell's equations is a wave function for electric or magnetic field.
In the treatment of the interaction of light and matter, the light is considercd
as an oscillating electric field that engulfs the constituent molecules of
matter. Each of the moleculcs may be considered to be a charged simple harmonic
oscillator. When these constituent oscilla'ors are driven by the cngulfing
electric field of light they become c¢xcited bv that field and emit Huygens-like

spherical wavelets. In the early development of the thcory of propagation of

light in matter, there was no practical alternative to treating the matter as
a collection of charged harmonic oscillators subject, perhaps, to damping forces. {
The modern developments in the theory of matter and its interaction with radi- ‘
ation, have shown that this simple model has broad utility, and that it can be

employed in the discussion of optical constants.

The theory of the optical properties of single crystals is well known
and has been extensively reviewed. Hence, in this section, rather than dis-

cuss the derivation of the theory in detail, we will instead simply define
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theoretical constants, their inter-relationship, and how they appear in
cxpressions for experimentally measurable quantities such as transmission,

reflectivity, refractive index, and absorption coefficient.

The response of a nonmagnetic solid with isotropic or cubic symmetry to
incident electromagnetic radiation can be generally described in terms of two
optical constants, which are related to each other through dispersion relations.
These two optical constants can consist of either the refractive index n and
the extinction coefficient K, or €, and €,, which are respectively the real
and imaginary part of the complex dielectric constant £. These two pairs of

constants are related as follows:
€= o, +1€, + (n+1k)? = (o' -«?) + 2inc )

Let R_ be the reflectivity at normal incidence of a solid of sufficient thick-
ness so that there is negligible reflection from the rear surface of the solid
and T be the corresponding transmission at normal incidence, then Ru,can be

expressed in terms of n and K as follows:

_ (n-n")? + ¢’

R (2y
@ -y
(n+n')? + «*
Generally, the solid is either in air or in a vacuum, where n' = 1. Therefore,
Eq. (2) becomes
_ 132 >
R = (n-1)° + Kﬂ 3
(n+1)? + ¢
Similarly, 7 _ can be expressed as
t, = {(1-R)? + 4R sin’ ¥} e°° (@)
where
o = absorption coefficient = 4mk/A
A = wavelength of incident radiation
t = thickness of the sample
¥ = tan™! [2¢/(n? +k2-1))
If n > x, Eq. (4) becomes
- ? -t
T,=(1-R) e (5)

Equation (5) is commonly used to determine the absorptiuon coefficient directly

by obhserving the decay of incident light with the thickness of sample.




As we mentioned earlier, the above equations are valid only if the reflection
from the rear surface of the solid is negligible. For thin samples, where
the reflection from the rear surface cannot be neglected, then the expressions
for apparent reflectivity and transmission are:
—at. 2
R, ([(1-e 0":) + 4e_at sin? Y]

R = -at, 2 -0t (6)
(l—Rme ) + l»Rme At gin? (Y+7v)

e %" [(1-R)? + 4R sin® ¥) .
T =
(1-R ™))% + 4R €™ sin? (¥+7)

where

- 2mnt
A

t = thickness of a thin sample,

(n is an integer),

R = apparent reflectivity,

T = apparent transmission.

The second term in the denominator in Eqs. (6) and (7) is an interference

term. If no interference fringes are observed because of thickness variation,

we then average over y and obtain:

R, a- e-Zat)
R —mm———— (8)
1-Rr? e—Zat

o

i [(1-R)? + 4R sin? ¥) e **

f T 7ot )
X 1-Re

+ )

‘ . It appears that if we know R and either n or «, the remaining one can

be calculated from this relation. But this usage is only limited to the trans-

parent region where direct measurement of n can be made. It is obvious that
| the key roles in this method rest on T and R which are usuaily difficult to
measure accurately because of influencing surface conditions, such as flatness,
aging, oxide layers, adsorbed gas, etc. Errors of 1 to 5% in the resulting
absorption coefficient are typical. However, this method is self-contained

at a given wavelength, and it does not require additional data at other wave-

lengths or other properties.
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Beyond the transparent region, in the high absorption regions, where neither
n nor K are observable, one has to rely on the reflection spectrum from which
the optical constants can be derived by the Kramers-Kronig analysis or by the

multiple-oscillator fit based on the Lorentz theory [10].

The Kramers-Kronig relations are derived from the dispersion relation in
that the phase angle O(w) of the complex reflectivity, R(w), is evaluated based

on the observed reflection spectrum

R = R(we®® (10)

8 (w)

Yy r (foR(w) - InR(W)] 4 1y
m . w? - w'?

where w is the frequency of radiation and P is the principal value of the Cauchy
integral. Based on the amplitude R(w), and phase angle of the reflectivity,
the refractive index and absorption index can be calculated according to the

following equations:

n(w) = 1 - Rlw) (12)
1 + R(w) - 2VR(w)cosb(w)
and
c(w) = 2/R(w) sind(w) (13)

1 + R(w) - 2/R{wYcosd(w)

In principle, the calculation of € requires a complete reflection spectrum
with frequency ranging from zero to infinity. In practice, however, since
R is measured only in a limited range of frequencies, errors are inevitable
in the calculation of 0 and hence in n and k. These errors arise from the
extrapolation of R(w) beyond the range of measurements. The typical errors

in the resulting n and K are 5 to 10%, or more.

In the Lorentz theory, the refractive index and absorption index are
related to the oscillator frequencies, Wy the oscillator strengths, Si' and
the damping factors, Yi’ by the expressions

S, [1 - (w/wi)zl
=g + 5 (14)
® 212 2 v2
101 - lw)d®] + v (wlup)

2 2

n® ~ x
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S.Y, (w/w,)
1i 1 (15)

2nk = [ Y ; 2
if1- (w/wi) 1+ (w/w))
where €  1s the optical dielectric constant. The resulting n and K have to

satisfy the observed reflectivity by the relation

n(w) - 1+ ik(w) |? (16)

Rw) = n(w) + 1 + ix{w)

It is clear that this approach requires the knowledge of the osc”llator
frequencies which in general is not complete because of experimental difficulties.
This leaves us no choice but to use only the observed predominant ones. Never-
toneless, this method, similar to the Kramers-Kronig analysis, ylelds good ap~

proximations to the properties under consideration.

Precise determination for small absorption coefficients, in the order
of 1077 em™! or lower, was considered impossible until the laser source became
avaiiable. As the bulk absorption becomes smaller than surface losses, uncover-
ing the former requires amplification of the absorption effect which in turn
requires high-level energy input to the sample. The two commonly used methods

are laser calorimetry [11] and the differential technique [12].

In the laser calorimetric method, the absorbed energy is measured in the
form of heat. It can be shown that the total absorption is related to the ab-

sorbed energy, E, by

Ea [ 2
oL + 20 = 2 | (17)
ET 1+4n?

provided aL < 1. Here, L is the sample length through which a laser beam passes
and 0 is the loss per unit surface area. Ea can be calculated using the spe-
cific heat and mass of the sample and the measured temperature rise. The trans-
mitted energy can be determined using a black body and its temperature rise.

In order to separate the bulk and surface absorptions, the total absorption

of a series of samples of different thickness, cut from the same piece of ma-
terial and polished in the same way must be measured. A plot of total absorp-
tion versus sample thiclness will give a straight line with slope a and inter-
cept 20. This method yields very accurate results and is used to measure

-1

absorption as low as 107° cm
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In the differential technique, a2 dual-beam spectrometer is the basic
apparatus and the transmissions and thicknesses of a thick sample (TS and ds)
and a reference sample (Tr and dr) are measured. An optical wedge is added
to the reference beam and its transverse position is so adjusted as to balance
the transmitted intensity of the sample beam. The transmission of the wedge,

L is then measured. The relation of the three measured transmissions is,

therefore
TXT ST (18)
hence, by using Eq. (9)
) -fodr
~aAd |1 - R
R v (19)
1 - R%e s
where Ad = d - d_, and
s r
-1)?
R = [EIT] (20)

The accuracy of this method depends on the accuracies of the refractive index
and transmission, respectively. While the former can be determined with high
accuracy, accuracies of the latter depend on the instrument utilized. An un-
certainty of +17 or greater is in general expected. This Imposes a limit,

1

on the order of 1 x 1073 cm™ , to the lowest absorption coefficient that can

be measured by this method.

The typical absorption spectrum of an alkali halide is shown in Figure 1.
If we plot the absorption coefficients versus frequency on a semi~log scale,
we obtain the absorption spectrum as shown in Figure 2. Behavior of the ab-
sorption coefficients in the multiphonon and Urbach regions, respectively,
suggests an exponential relation between absorption cocfficlent and frequency,
f.e., a = aoecv, where o, and c¢ are constants. In the transparent region,
absorption coefficients of a pure crystal are usually low. If reflectivity
can be accurately measured, absorption coefficient can be determined using
Eq. (3).

It should be noted that Eq. (3) does not apply to crystals with impurities
and defects which are characterized by the emergence, in the transparent re-

glon, of a number of absorption bands, the so-called '"color centers." The
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well known ones are the F, R, M, and N absorption bands. Absorption coefficients
at these bands vary considerably with temperature, radiation, and time. How~
ever, at wavelengths other than these bands, differences in n are negligibly
small between samples, and Eq. (3) is valid. The importance of n in relating
other optical quantities is self-revealed. Essential parameters for formulae

of refractive indices of pure crystals are given in Table 2.
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TABLE 2. AVAILABLE PARAMUETERS FOR DISPERSION EQUATIONS OF ALKALI HALIDES AT ROOM TEMPERATURL

a b Ultraviolet Abrorption peaks® JOS lh_‘l.n_“_’ 1“_ f'il,“_.h_n.“l‘.‘.______hﬁks e

NMaterial [N o () Wavelen th Osclator Srongth Datiu g Foctor
. o 2 A (um) ) ¥ ()

iy 9.01 1.93 $2.79, 19.88 6.50, 0.11 1.967, 3.5°8

1icl 11. &G 2.95 0.130, 0.143 49.26

Linr 13.23 3. 16 0,156, 0.162, 0,173 57. 80

1] 11.03 3.80 0.120, 0.14C¢, 0.167, 0.176, 0.183, 0.197, 0.212 70,42

Nayp £.072 L1174 0.117 0,57

RS 5.90 2,7 0,030 0.100 06.123 0,158 ¢0.98, 40.50, 120,34 3.2001, 0.6500, 0.32 2. 2RY, 5,750, 1330

lalr 6. 506 2.60 0.125, 0.1:!5, 0,176, 0.1S8 74.63

Nat 17.28 3,01 0.122, 0.141, 0.170, 0.187, 0.228 £6.21

LN 5. 50 1.85 0.126 51.55

PO 4,506 17 0. 131, N2 To.d2

(RN S 4.0 2,56 0.1i6, 0.173, 0.187 §7.72, (0,61 2.4u6t, 0.1555 4.361, 10000

Ki 5.00 2.65 0.129, 0.195, 0,17, 0.219 98.01, (9.44 2.13:3, 0.276S 8. 233, 20,832

n»LE G.48 1.93 0.115, 0,132 63,29

ihCl 4.92 2.18 0.128, 0,166 £3.81

RLEr 4.56 2.31 0,123, 0.146, 0.155, 0.178, 0.191 111.29

12y 4.51 2.58 0,120, 0,121, 0.156, 0.179, 0.187, 0.223 132.45

Csp R.US 2,16 0,110, 0,118, 0,116 T8I

[ &y} 6.95 2.63 0.11y, 0,147, 0,115, 0,162 100, 50, £0,00 4.0212, 6.2513 T. 308, 26,600

Crir 6.8 2.78 0,10, 0,146, 0,100, 0,173, 0.137 16,05, 97.09 R GGSK, 0.1131 8. 163, 15,571

Csl 6.31 3.02 0120, 0.117, 0,163, 0,177, 0.1S5, 0.20G, 0,18 161,29, 117.65 3.2673, 0.0628 11,790, 17.6G48
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3. NUMERICAL DATA

Presentation of Data

Data in the open literature are reported in various units. Absorptions
are given in units of ecm™!, or as extinction index, optical demsity, or norm-
alized values. Energy is presented in terms of wavelength, wavenumber, fre-
quency, or electron volt. In the present work, the absorption coefficient
is consistently reported in units of co~?! and the energy in units of wavenumber,
cm™'. All of absorption data were converted, when necessary, to these uniform
set of units. However, in the case of reflectivity and transmission data, the
energy unit is in wavelength, um, as conventionally accepted. Although we
have surveyed the absorption coefficient in the vacuum ultraviolet (vuv) re-
gion and a number of data sets have been collected, no attempt was made to
analyze the spectrum in the vuv region as it is beyond the scope of this work.
However, it was felt desirable to see the complete spectrum of absorption coef-

ficient. For this reason the vuv absorption spectra are given in the Appendix.

A number of figures and tables summarize the information and data. The
conventions used in this presentation, and specific comments on the interpre-
tation and use of data are given below. Each sub-section in this section gives
all the information and data for a given material. The sub-sections are ar-

ranged in the following order:

3.1 Lithium Fluoride, LiF
3.2 Sodium Fluoride, NaF
3.3 Sodium Chloride, NaCl
3.4 Potassium Chloride, KC1
3.5 Potassium Bromide, KBr
3.6 Potassium lodide, KIL
3.7 Cesium lodide, CsI

Presented in each sub-section are information and data in the following order:

a. A text describing and discussing the data, analysis, and recommendations.
With the thought that in general a reader will only concern himself
with a specific substance, it was felt highly desirable to include
in each sub-section important information even if it should consti-
tute a repetition of some of the subject matter found in other sec-

tions or sub-sectiouns.
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A figure of experimental absorption coefficient (wavenumber dependence).
For the purpose of showing the details in each of the multiphonon and

Urbach tail regions, additional figures are included for visual clarity.

A summary table of measurements on the absorption coefficient (wave-
number dependence). An extract of pertinent information for each

data set is given in this table.

A table of experimental data on the absorption coefficient (wavenumber
dependence). The original data reported in this table are converted
to the adopted set of units. The order of magnitude of absorption
coefficient varies over a wide range, from 107° cm™' to 10° ¢m™!,

and that of wavenumber varies from 10 cm™! to 10° cm™'. Therefore,

it is convenient to present the data in powers of ten. In this table,

the numerical value 1.259E:n stands for 1.259'102n.

A figure of experimental absorption coefficlents (temperaturc dependence).

A summary table of measurements on the absorption coefficient (tem-

perature dependence).

A table of experimental data on the absorption coefficient (temperature

dependence) .

A figure of experimental reflectivity.

A summary table of measurements on the reflectivity
A table of experimental data on the reflectivity.

A figure of experimental transmission.

A summary table of measurements on the transmission.
A table of experimental data on the transmission.

A table of peak positions and the corresponding half-wtdths of the

well known F, R, M, and N absorption bands.

A table of recommended values on the absorption coefficient in the
infrared wavelength region. It is rather difficult to give recommenda-
tions in this region since most of the data are stil! in a provisional
status, as evidenced by new claims of the discovery of lower values

obtained through improvements in sample preparation and experimental
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techniques. As a result, in our tables of recommended values, we
give the lower limits predicted by the theoretical relations, the
lowest available values, or the most probable range of values for

a randomly selected sample.

In figures containing experimental data, if data sets are distinguishable, the
data sets are labeled by appropriate legends and denoted by the numbers cor-
responding to those assigned in the corresponding tables on the summary of
measurements and experimental data. The tables on the summary of measurements
give for each set of data the following informaticn: the reference number,
author's name (or names), year of publication, wavelength range covered by

the data, temperature range, the description and characterization of the speci-

men, and information on measurement conditions contained in the original paper.

There are a number of experimental methods used for absorption coefficient
determinations. Listed below are the four most commonly used ones and their

corresponding code symbols used in the tables:

(]
1

calorimetric method

Z - transmission and refraction method
T - transmission method
R

- reflection method

The methods listed above are arranged in the order of thelr inherent accuracies.
The calorimetric method 1is by far the most accurate method in the determina-

tion of the absorption coefficient. It is used for measuring very low absorp-
tions with the lowest attainable level, in the order of 10”° cm™'. Absorption
coefficients determined by the second method are usually reliable if the multiple
internal reflection and transmission are accounted for. The transmission method
is the most popular one used for absorption measurements because of its sim-
plicity. The reflection method is the least accurate method, -3ince errors of

5 to 10X or more are typical. It should be noted that neither the second nor

the third method is suitable for absorption coefficient lower than 0.001 em~!

as their sensitivities are considerably reduced at low absorption levels.

Wavelength and wavenumber are two equivalent units to describe the spectral
dependence of a property. The conversion table given below should prove con-

venient.

jo—
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WAVENUMBER VS WAVELENGTH EQUIVALENTS

Wavenumber, cm": Wavelength, um
100,000 0.1
10,000 1.0
9,434 1.06
5,000 2.0
3,571.4 2.8
3,333.3 3.0
2,631.6 3.8
2,500 4.0
2,000 5.0
1,886.8 5.3
1,666.7 6.0
1,428.6 7.0
1,250 8.0
1,111.1 9.0
1,052.6 9.5
1,000 10.0
943.4 10.6
909.1 11.0

-




3.1. Lithium Fluoride, LiF

Lithium fluoride has long been of practical interest to spectroscopy
because of its attractive optical properties. Its large electronic band gap
places its useful transmission limit near 0.11 um, further into the vacuum
ultraviolet region than any other known material. It is, therefrre, a useful
substrate for absorption studies on thin films of other materials and has long
been used as such. In the range of 0.25-4.5 um the dispersion is low and trans-
mission is high. Less transmission and higher dispersion are found in the
low ultraviolet and the infrared. In the low ultraviolet, optical components
must be made very thin in order to obtain maximum transmission. Selected spec-
imens of lithium fluoride, in moderately thin pleces, may be expected to trans-
mit several percent of the light down to wavelengths as short as 0.11 um.
Impurities in the crystal, poor polish, and layers of foreign material on the
surface may reduce the transmission in the Schumann region down to a negligible
quantity. In the infrared, transmission begins to fall off rapidly at 7 pm,

and a prism is useful to 5 um.

Optically speaking, lithium fluoride closely resembles calcium fluoride.
However, lithium fluoride is prcferable to calcium fluoride for use in pris-
matic form because of its much greater dispersion in the infrared and greater

transparency in the extreme ultraviolet.

Unlike the other alkali halides, lithium fluoride 1s practically insoluble,
and advantage is taken of this fact in the purification of the salt. High
purity single crystals of lithium fluoride up to more than 5 inches in diameter
and 4 kg in weight are commercially available and are suitable for making op-

tical components in various sizes.

Measurements of the refractive index of lithium fluoride date back to
1927. The existing data cover a spectral range from 0.00236 to 600 um and
at 2000 um. Based on the optical behavior of the material and the experimental
techniques, these data fall quite naturally into two categories: the trans-
parent region (0.1l to 9.0 um) and the absorption regions (20.11 and 39.0 um).
For the high transparency region, since large sizes of LiF are easily obtained,
the deviation method is commonly used with the sample in prismatic form. This
method was adopted by a number of researchers: Gyulai [27], Schneider [28],

21
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Hohls [29], Harting [30), Durie [31], and Tilton and Plyler [32]. The deviation
method, though the oldest, is often considered as the most accurate; less ac-
curate data can be obtained by the interference method. Due to the high ab-
sorption in the low uv and near IR at the end of transparent region, the devi-
;cion method and interferometry cannot be used. Refractive indices are obtained
either by measuring transmission of thin films or by theoretical analysis of

the reflection spectra from the bulk material.

Li {33] reduced the experimentally measur.d data then available to a
common ' vmperature of 293 K and after careful analysis generated a Sellmeier
type formula representing the refractive index of LiF at 293 K in the spectral

region from 0.10 to 11.0 um,

2 2
n =1+ 0.92549 A . 6.96747 A (21)

A% - (0.07376)% AT - (32.79)2

where A is in units of um.

Investigations of absorption coefficient for practical applications are
generally classified into three wavelength regions: the ultraviolet and the
infrared limits of transparent regions, and the transparent regions. In the
ultraviolet limit, the motivation of the researches was to investigate the
exciton states in the crystal and tc determine the Urbach-rule parameters at

the absorption edge.

Kato [34] determined absorption coefficients in the wavelength range from
0.09 to 0.19 um by applying the Kramers-Kronig relation to the observed reflec-
tion spectra of bulk crystal. The peak position of the fundamental band was
determined to be at 0.0976 * 0.0008 um where the corresponding absorption coef-
ficient was found to be 2.2 ¢ 0.1 x 10° cm™’. In the investigation of the
effects of hydrolysis on the absorption coefficient, crystals grown in air
were studied. It was found that absorption near 2.8 um was due to the vibra-
tion of O-H bond and in addition it gave a broader absorption at the tail of
the fundamental band. Roessler and Walker [35] reported absorption index in
the wavelength region from 0.0443 to 0.248 um. The absorption coe ficient
was derived from the near normal reflection spectra of freshly cleaved crystal
by Kramers-Kronig analysis. Since any defects or surface contamination tend
to decrease the sharpness of uv reflectance structure, the reflection spectra
from surfaces showing highest reflectance at structure peaks were selected for

their analysis to assure minimum surface contamination and defects.
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Schnelder {28] determined absorption coefficlent (in the wavelength region
from 0.11 to 0.16 um) directly through measurements of transmissions of plate
specimens of various thickness. The crystals used are believed to be of high
purity and quality polished, as evidenced by higher transmission at short wave-
length, G.11 um. It was noted that the main factor of decreased transmission
was due to the deposits as a result of chemical reaction of the surface with

moisture.

Gorlich et al. [36] investigated crystals grown by both of the Bridgman
and Kyropoulos methods. Absorption spectra in the wavelength range from 0.20
to 0.79 um were measured for both crystals, Although impurity contents and
concentrations had no spectroscopically detectable difference, the crystal
grown in air showed much higher absorption coefficients in the region 0.2 to
0.4 um than that grown in vacuum, particularly steeply rising toward 0.2 um.
In addition, absorption bands in the range between 2.6 to 2.8 uym were observed
in air grown crystals but not in vacuum grown ones. This observation is con-
sistent with the results of Kato [34], the extinction of crystals grown in air
is chiefly composed of the scattering of light by the microscopic irregular-
icties of the cryécalline structure and of the absorption of the additionally
incorporated OH or oxygen fons. Gyulai [27] reported absorption coefficients
in the region between 0.18 and 0.40 um for a crystal grown by the Kyropoulos
method. Owing to the differences in impurity contents and defects, the absorp-
tion spectrum showed different profile from that of Gorlich et al. [36]. How-~
ever, both reported weak selective absorption bands between 0.25 and 0.30 um
where the F center is located. Tomiki and Miyata [37]) measured absorption
coefficients in the Urbach tail region at four temperatures, from 300 to 573 K.
They found the tail at 300 K was extrinsic. Based on the data at three higher

temperatures, it was possible to find the following parameters:

13.00 ev,
a, = 1.0 x 10'° em™?,
hf = 0.23 meV,

and

s__ = 0.70,
p-1e

for the equations representing the intrinsic absorption ia the tail region:

-OS(T)(EO-E)/kT
ofE,T) = ae (22)
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and

OS = Oso %%; tanh %E%

Measurements of absorption coefficient for the infrared region were made
for the purpose of studying the optically active lattice vibrations and funda-
mental resonant frequencies. On the short wavelength side of the fundamental
absorption band, multiphonon absorption, in which a photon is absotrbed and
two or more phonons are generated, can occur and lead to absorption coefficients

-1

that range from 10™% cn te 107 em™l, depending on the number of phonons

generated.

Jasperse et al. [22) made self-consistent measurements of the infrared
reflectivity for a wide temperature range from 7.5 to 1060 K. The absorption
index was computed by using a two-resonance damped cscillator model. Through
the classical pole~fit procedures, by assuming the optical dielectric constant
to be temperature iundependent, they were able to establish Lhe temperature
dependence of the resonant frequencies, the damping factors, and the oscillator

strengths.,

Barker [38] studied the multiphonon infrared absorption by samples of
crystalline and molten LiF at temperatures between 300 and 1160 K (melting
temperature 1115 K). It was found that the absorption behavior of the molten
salt could be closely predicted from the absorption behavior of the solid as
if there was no phase transition occurring. The observed relatively small
change during the phase transition from solid to liquid implies that at least
the high frequency limit of the vibrational spectra are approximately the same
in the solid and liquid phases close to the melting point. However, at tem-
peratures from 10-30 K higher than the melting point, the absorption coefficient
decreased noticeably and the static dielectric constant changed from 10.76

to 7.84 [39].

Kachare et al. [40]) determined the absorption coefficient by a Kramers-
Kronig analysis of the reflection spectra. The reflection spectra were mea-~
sured accurately, particularly in the difficult minimum reflection region.

It was concluded that the classic dispersion analysis could not provide reliable
values of optical constants for highly anharmonic crystals while the KK analysis

could, but required reliable reflectivity data.

e ——————. - = e it = ———— - -




——

25

Deutsch {12], using a differential technique with a dual beam spectrometer,
measured the absorption coefficient for the wavelength range from 4.3 to 7.0 um
at room temperature. It was found that these data could be represented by

an exponential relation as:

a = o exp (—v/vo) (23)

where o = 21,317 em™! and v, = 153.2 cm™}, according to Deutsch. Klier [41]
reported the absorption index in the wavelength range between 5.4 and 14.7 um.
Hohl {29] also reported the absorption index in the range between 4.5 and

15.7 um. Hohl's values agreed with Klier's in general except that Hohl's mea-
surements showed distinct structure features in the wavelength region beyond
13 um. In the region from 5 to 11 um the results of Hohl and Klier agree well
with Deutsch's exponential relation, Eq. (23).

Owens [42] measured absorption coefficient at three wavelengths in the
millineter-wave region. Combined with the measurements of other investigationms,
Owens observed that the extinction coefficient decreased with increasing wave-
length and approached a constant value of about 1 x 10~" below 1 GHz. The
origin of this constant background loss, which appeared to be independent of
temperature, is unknown. It may be due to imperfections in the crystal. Stolen
and Dransfeld [43] measured absorption at a wavelength 320 pm between 200 and
425 K. [t was found that the absorption increases as a quadratic function of

temperature.

Figures 3 to 6 are plots of the available data. The pertinent information
of each data source and the corresponding original values are given in Tables
J to 6. In addition, available information and data on the reflectivity and
transmission are also presented in a similar manner (in Figures 7 and 8 and
Tables 7 to 10) for completeness and comparison., For the visible and near
visible regions, Table 11 gives the spectral positions of the well-known color
centers. Noticeable absorptions are likely to occur at these ceuters when the

crystal i{s exposed to ultraviolet or x-ray radiation.

Recommended values given in Table 12 were calculated according to Eaq. (23).
In the range between 4.37 and 7 um, these values are supported by the measure-
ments of Deutsch. It appears that LiF has s high intrinsic absorption coef-
ficient {n this region. However, if Eq. (23) holds in the range below 3.9 um,

we can see the intrinsic absorption .defficients in this region are lower than
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107 cm™!. There is an absorption band in the range between 2.6 to 2.8 um
which owes its origin to the inclusion ¢f hvdroxyl ions. This absorption band
is diminished in vacuum grown crystals. It should be noted that the values

1

in the column "intrinsic" are the lowest limits that one can obtain for ideal

samples. In practice, the observed values are generally higher than the limit-

'

ing values. Unless values appear in the column "observed,” the limiting values

should be considered as guidelines for estimation and investigation.

Although it was not the aim of this investigation t» compile and evaluate
the absorption data in the vacuum ultraviolet region, this was dene fo provide
the usaers a total picture of the available absorption data. The plot of selected

curves in this region Is given in the Appendix of this report.
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TABLE 3.

SUMMARY OF

“Wavenunmb

ASURLMENTS ON THE ABSORPTION COLFFICIENT OF LTWHIUM FLUORIDL (Waveaumber Dependence)

[ S . L ieea el PR Ce s e

Data o
Ref, A N . Muethod P Temperatare e ifications ~rd et orks
E:t o, Author(s) Year Used R::;_(;, Range, & Specifications ond Ranarxs
1 22 Jasoerse, J.R., 1966 R 100-588 7.5 Hinh purity: sianle crvstal; hand polished until ontically
Kahan, A., flat to about 1/2 wavclerzti of the mean sodium D Jincs; an=-
Plendl, J.N., and nealed in a vacuum furnace for two days at a temperaturc of
Mitras, S. about 3/4 of the melting terperature of the ¢rystal; ncar nor-
mal (averaned about 1) doprees) refdectivities in the spectral
range from 12,5 Lo 50 ..o detes ined by cerparing spectral ros
flectances {ron the saaple and from an aluminized sircor with
N reflectivity in the spectral resion under considerativng ro-
flectivity data were checked savoral tiaes for dJifferens sam
ples and for scveral cycles of hwating and coaling and repro-
ducced to within :1 te #27; the reflection spectra were ana-
lyzed by means of a two-rcesonant dasped-oscillater model;
absorption coefficients were calculated from the resulting
cquations,
! 2 22 Jasperse, d.k., ctal, 1966 R 100-583 35 Same s above.
3 22 Jasperse, J.R., et al. 1966 R 100-588 295 Same as above.
4 2z Jusperse, J.R., ctal. 1966 R 100-538 420 Same as above.
5 22 Jasperse, Juh., cnal. 19066 R 100-538 605 Sare as above.
6 22 Sasperse, JoR., etal. 1906 R 100-588 840 Same as above,
7 22 Jasporse, J.R., ctal. 1966 R 100-588 1060 Sate as ahewe.
8 34 Rato, R. 1961 R 9.6x10%~1.1x10° 298 Bigh purity; single crystal] freshly eleivid wpaci v ooas
normal (15 degrees incident annle) refloctivity obinineg;
Kroers=Kronig roelutions applicd to derive the opticul coa-
stants 0 oand o from the reflectivity; data ostracted oo a
fijurc.
9 4 kato, 1961 R 6.4x10°-9.6x10" 298 Sane as above but only for details at the tail of fund ¢ unzal
] Land: absorption-cvocfficicnt data estracted from a {1, ure.
iG 34 Kato, R. 1961 R 5,2510"-8.0x10" 298 Sisilar 1o abeve; absorpliva=cocifiviint data vntracted {ro=
. a fipare.
11 36 corlich, P., 1963 T 1.89x10"~4.84x10" 390 Sin-le ciystald proen by the Kvreponlos (in air) ot
' Karras, o, and ionaritive of A, O, O Cu, N, M, Mo, SH, f .
Kotitz, G. conentrations estimited to Lo ldtueen 10 "-10 uas poi-
ficd spovisen confiurations: chaarption spectrfa. obta
aind absorption cocf{icicats dutornined; b mption codd
cicat data extracted {rom a {1 ure.
12 36 Gorlich, P., ct al. 1963 T 2,68x10"-4.72x10° 390 Simflar to above cxvept for viystal prown by the Brid,.an
(in vacuum) mucthod,
N
Vo
/ E—
)
i
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TABLE 3. SUMMAKY OF MLASUREMINIS O

i ABSOUPTION COLVTICIENT O

LUINIEY FLLORIDL (Wavenurber Uepondonece)  (continued)

lMtJ\ ”.h_h‘” T “ .. k’.)‘vu):l"«‘!wr‘ } .
St %fi' Author(s) Yoar Hezhod Runve, TOPpchLufc
Yo, No. Used om Range, K
13 36 Gorlich, P., 1963 T 3.56x10%-3,87x10° 300
Karras, d., and
Kot{tz, G.
w27 Gyulai, 2. 1927 T 3.2x10%-5.4x10" 293
15 29 liohls, H.W. 1936 T 6.34x10°-2.23x1C? 293
16 28 Schneider, E.C. 1936 T 6.25%x10%-8.93x10" 293
17 44 Lldridge, J.E. 1972 T 1.8x10%~3,0:10° 10
18 35 Focssler, D.M. and 1867 R 9.47x10°-2.02x10° 300
Walker, W.C.
19 4} Kifer, M. 1958 R 6.79:10%-1.83x10° 77
20 4l Klier, X. 1958 3 7.71x10° -1, 8313’ 195
21 a1 Nicr, M. 1958 R 7.03x10°-1.82:10° 293
22 el Klicr, M. 1958 K 7.28x107-1.83x10° 573
23 3] Klfoer, M. 1958 2 28.7-191 77
) Kifer, M. 1953 R 29-191 293
~
v
+
I
¢
L -

Specificatiuns wnd Rimaiks

Similar to Whove for crystal grown by the Kyrojoulos {(in &ir)
method and measurad for intrared ropdos where the erystal
grown by the Iridgran {in vacuum) showing no absurpticu.

Single crystal; prown by the Kyropoulos methnd; plote snvca-
men of 1.4 mm thick; abeorption voofficient dotersined by
rakala for the autaor) data eatracted from 3 (i ure; i oer-
ature not specificd, 293 K assumed.

Crystal; grown by the Myropoulos method; 14 plate npccirens
of thicknesses from 0,008 == to 10.53 a~; sbaorprion cocffi-
cients dircectly Jetermined; data extracted fron o (1 ure]
temperature not spcificd, 293 K assu~od.

High purity; single crystal; grown Ly the Dridoran sethod;
plate specimens of thickacss fro—= 0.5 to 15.8 =mp heerrior
coefficients directly determined; data extracted e a
figure.

Riph purity; sintle eryst obt.incd froem the Hnre’ w

Chi vival Co.j plate specimens with taickaerves o .07, 0]
and 0.8 ¢m and mechanically polislwdi spvctr.i 17 1
intensitics reasured; absorption codffjcivats Jot v
the aid of refractive index caleculated fre= a divpors
forzula; absorption-coefficicnt data extraceud fros a fiar
estimated uncortainty ubout 10% except at long wavelengih ond
where 1002 uncortainty estitated.

Sinple crystal; obtaincd frem the Harshaw Cheiical Coo;
freshly cleaved specirens; absorption cocfficivnts Letersi
from a Nrancers-Kropig onalysis of vapericcutally duet

[

2

near nersal reflection spectra; data eatracted from a tah

0

Crystal; absorption-cocfficient data dvduced from refletance
and transmittance measurenoats on specimens of varfous tafcks
nesses; data eatracted {rom a fipure.

Same as above,

Same as ahove,

Same as above,

1: plate spevimen; absorption eocfficionts dodaved oo
A LLaRee avasurerents and ostitated roflectivity) se-
flectivity cstinatud by assuning o = 3.07 for the whole wave=

length ranpe; data extracted {rom a figure; eatinated unoer-
tatsty about 5 to 10%.

w
S.ame as above. Lad



TALLE 3. SLMDMRY OF

[4%

MIASURINLNES ON THE ABSOR#TION COGLFTICIUNT OF LITHIUM FLUORIDE (Wavenumber Dependence)  (cort.ancd)

J [N - Gem . caawsmmarrs s o . L ra. bl ke e eSat i aAEaE vt ae.eEm T - anasc o . Stoee aa . Ceasammaeri . .eta
Tuata Wavenumber
Ref. . i Method N Temperature . R

S'c! “o. Autlor(s) Year Used R.mg_fl.. Range, K Specifications and Rozarks

No. cm f -

25 4} Klier, M. 1958 R 29-193 573 Same as above.

26 8 Barker, A.J. 1972 R 1.19x10°-1.95x10° 300 Synthietie crystal; high purity: hishily pelishud specimen of
1-2 nm chick; absorption coclificicats dewuced from measure-
ments of reflectivity obtained using the vbscurcd-amirror
technique; absorption-couc{ficicat data extracted from a
figure.

27 28 tarker, A.J. 1972 R 1.34x10%-2.05x10° 705 Similar to above but at a higher te-peratuse.

28 38 Barker, A.J. 1972 R 1.39x10°=2.1x10° 835 Similar to above but at a higher temperature,

9 38 Sarker, A.J. 1972 R 1.43x10%-2.35x10° 975 Similar to above but at a higher tenperatere.

30 38 Barker, A.J. 1972 R 1.59x10%-2.4x10° 1160 Moltcn LiF specimen of 1-2 mm thick: reflectivity avasure-
ments carricd out in a large dinert was aimonpucde; absorption
cocfficicnts deduced from reflect pectray ahsoarntion-
cocfficient data extracted fron a 1i; 3 melting toemporiture
of LiF is {115%.

312 Deitsch, T.F. 1973 D 1.44x10%-2. 31x10° 300 Sinple crystal; obtained from Rarshaw Chesical Co.j wjecimen
of 2.5 c¢m diwncter and 2.5 vm lu differential toechnigue
uscd to cutuermine absorption-cocl{ficicat datay ertracted fror
a figure.

32 42 Gwena, J. 1968 L 2.53x1071-3.4 298 Single crystals; obtained from the firddiw Chomfeal Toug
cylinder shaped specimen; f{lled resonant cavity aothod used
for mcasuring diclectric constart and loss tanpent; abanep-
tion cocfficient then determined; duta extracted from a
figure.

33 39 Yead, DL 1974 R 1.0x10°-7.3x10" 1175 LiF molt; hiph purity: obtoined frovw BDI Lid.; roar noreal
reflection spectrum obtajued; absorption cocifivioat obtaindd
by the Kraners-Kronip and classical oscillator amalynis; data
extracted from a smooth curve.

34 40 Xachare, AL, 1974 R 7.71x10° -1, 16x10° 300 Single crystal; polished ond anncaled; noar normal refleceion

Sorin spectrun obtained; absorption covfficicnt doeduced fron re-
Sador flection spectrun by the Broccers-Keoeds analysis] data ox-
tracted from a figure.

35 40 Kaviate, A., ¢t al. 1974 R 7.1x10 =1.2510° 80 Similar to above bt at a lower temperature.

36 w0 Kachare, AL, ot al. 1974 R 7.19x10°=-1.15x10° 20 Cimllar to above but at a lower tesperatute,

17 45 FEidridpe, J.F. 1972 1 75-178 63 Ratural LiF erystials obtained froa the ibashow Choaical Toog
epecirans of 1 x 2.5 om with thivhacesos varying fron 00402 te
0.1 cm; mechanically polishedy abserption cocetficicuts ob-
talned from transmission measurcacntsy data extracted foon o
ficure.
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(continuvd)
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TABLE 3. SIMMARY OF MFASUREMENTS ON THE ABSORPTION COEFFICIENT OF LITHIUM FLUORIDE (Vaveuumber Dependeuce)
e T e ———— e A verTm it TreAameme . a—
Ref. Mcethod Syenunder Temperature
L, ¢ 4 - é an T

Yo. Author(s) Year Used R::,g?' Range, K Spucifications and Remarks

45 Eldridge, J.E. 1972 1 70-292 77 Same as above.

45 Eldridge, J.E. 1972 1 29-14Y 300 Same as above.

46 Heilmann, G, 1958 R 277-667 293 Single crystal; absorption coefficicuts determined from che
reflectivity measurcments from the pelarized light at 20° and
70° incident ungle; duta extracted from & figure.

46 Heilmana, G. 1958 R 27i-323 573 Same as above.

46 Hetlmann, G. 1958 R 227-667 873 Same as above.

47 CGenzel, L. and 1956 T 8.6~147 298 LiF crystal; plate specimens of 245 pm, 725 um and 4.1 m

Klier, M. thick; absorption coefficicnts deterzined bus.ed on transmis-
$i0n MessuwTemants; duta (Xtracted from a faguele.

48 Frdhlich, D. 1962 R 264~431 300.0 Thin (vaporated €iim specimens of 2 to § uz= ki Jrotion
coeffiicients determined from reflectivity noasurecc. caza
extracted from a figure.

%9 Frohlich, D. 1964 R 271-357 70 Single crystals; thin plate speeirens; absurption caefficients
determined from reflectivity messurements; data extracted
from a figure.

49 Fronlich, D. 1964 R 263-362 200 Sume as above.

i9 Frohlich, D. 1964 R 263-364 300 Same as above.

S0 Segur, G. and 1962 T 10-33 298 Single crystals; plute specirens of 3, 6, 15, cud 30 ::x thick;

Cenzeld, L. absorption deterained 1rom trunsmission measureacats; dula
wxiracted from u figure.

37 To-iki, T. and 3969 z 9.1x10%-9.8x10" 298.5 Single crystal ultraviolct qualicy tror the lars'

Miyata, T, Co.; freshly cleuved specimens for ubiornt.~u cov
below 100 ca™ ; spocinens for higher ubsorptica peepar
Nigh vacuum by melting the flunes of crystuls delween twd
plates of glassy carbos aad pressed; refliction uwad try
stoa spectra obtalned und ubsorption covfifcient detvrmined;
diata extracted from a figurc.

37 Tonixi, T. and 1969 z 8.6x10%-9.4x10"° 437 Same as above.

Miyata, T.
37 Tomixi, T. and 1969 z 8.5x10%-9.3x10° 510 Same as above.
fivara, T,
37 Toaikd, T. and 1969 z 8.5x10%*-9.2x10* 573 Sume as above.
Miyata, T
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SUMMARY OF MEASUKEMENTS ON THE ABSORPTION COEFFICIENT OF LITHIUM FLUORIDE (Waovenumber Dependence)

(cont inucd)

#{

TABLE 3.
- —— - =
Nara avenumber
Ref. ; Mathod Temperature
3:'. No. Author(s) Year Used R::Ef’ Range, K Specifications and Remarks
53 37 Tomiki, T. and 1969 Z 5.3x10~9.7x10° 300 Abave specimen except aged for two weeks.
Miyata, T.
54 37 Tomiki, T. and 1969 3 7.9x10%-9.8x10" 300 Similar to above except sanple aged far one wveek.
Miyata, T.
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.
S - - —



v

Jara 3ET
T 2 7.5

endgcez
203ive
a0l
ednsze2
LN AN
.leee
ennozt?2

[Z I B A AV

si miez
Y O 3
eved_0g
PRSI I
«353.0¢
al_eztc
RZATE N
Ioliedl

a238i02
RS- P9 24
valSie¢

R T T SV S NPT PP I TV TN oo

ittt

ediviel
ev 314
u?7ieg
evdouel
WB3310¢
eTu3ive
Cobuui®e
celéli®2
Ceburi®
Le857:¢2

(A Y P PO P PR DY

0e475c¢3
8.,7%c-93
PR N
14239208
Le3oiiws
see3BE
lenedon
Leaulcen
Zeiwatts
om0
Ccetidety
Jeu??Ees
Sedllces
SadeL tee
Seailues
L T
Ge 3 v b
TeZ733c by
7e3c2t 0w
2.7 1200
3.29%c 0
Lednlite
L.dcicen
Vewisled
2. iiied
3,825z ¢2
Ce3riied
ZalD2203
10322243
vevw3attd
2.577ce2
aecBTZeg
54395561
S.uilivi
2edI0iey

TABLE 4.
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Figure 6. Absorption Goefficient of Lithium Fluoride (Temperature Dependence)
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ARY OF MUASURIMENTS ON THE ALSORPTION COUFFICIENT OF LITHILM FLUORIDE (Tumperature Doepoadence)

Spccifications and Rerarks

et T A s e e
3 Rof, R . Method Terpurature
i;t Yo. Authaor (s) Year Used R223$, Range, K
1 43 Stolen, R. and 1965 T 31.25 2-413
Dransfcld, K.
2 43 Klicr, M. 1958 z 192.3 77-561
3 41 Klier, M. 1958 A 157.7 77-536
4 4] Klier, M. 1938 z 122.7 77-552
5 [ Elier, M. 1958 z 93.24 77-553
6 42 Klier, M. 1958 4 71.43 17-571
7 41 Klier, M. 1958 z 28,57 120-555
T
| Y
! \
| / -
i
‘
j
Lan WPRIPREE N et ————— -

Single crystals; obitained from the K 2ical Co. .o Ise-ct

Corp.; cylindrical specimen of dianvter 2.5 cm, and of varying tuick-
ness between 0.1 and 2.5 em; absorption coefficients dircctly deter-

mined; data cxtracted from a figure.

Crystal; plate specimen; absorption coefficivats deduced from truns-
MiTtonce reasurements and estirated refloce ty; Tvflecrivily esti-
nated by assiming o= 3,07 for the wavelengta ond 13 the oatire
tenperature range; data extracted from o figure; esticzated uncer-

tainty about 5 to 102.

Same as above.
Same as avove,
Sanme as above,
Same as above.

Same as above.
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TABLE 7. SUMMARY OF MEASUFT™ENTS OX THE REFLECTIVITY OF LITHIUM FLUORIDE
_D'.s't'; Ref. +uthor (s) Year Method Wavelengch Temperature, Specifications and Remark -
iz No. rathor(s Used Runge, Lm X pe ca ns emarks

) 22 Jasperse, J.R., Kahan, 1966 R 12.5-40.0 7.5 High purity; single crystal; haid polished uneil optically fl.t to

A., ?lcnd), J.N., about 1/2 wavelength of tha mean scdium D lines; wanedled in a vacuus

and Mitra, S.S. furnace for 2 duy:s at a temperature of about 3/4 of the meltinz tex-
perature of the crystal; near norral reflectivity detcerained with
aluminized mirror reference; reflectivity data checked scveral times
for differcnt samples and for scvera) cycles of heating and cooling
and reproduced to within *1 to 222; data extracted from a figure.

2 22 Jasperse, J.R. et al. 1966 R 12.5-44.0 a5 Same as above.

3 22 Jasperse, J.R. et al, 1966 R 12.8~45.3 295 Sate as above except sample temperatures measured with chrome-alumel
thermocouple accurate to within 222 of che absolute value.

4 22 Jeszerse, J.R. et al, 1966 R 14.2-46.0 420 Same as above.

5 22 Sesperse, J.R. et al, 1966 R 13.9-45.3 605 Same as above.

6 22 Jusyerse, J.R. et al, 1966 R 13.4-46.0 840 Same as above except sample tcmpuratures measured with an opticsl
pyrometer sccutate to within 222 of the absolure value.

7 22 Jasperse, J.R. et al. 1966 R 13.9-45.3 1060 Same as above.

8 3% Kato, R. 1961 R 0.086~50.183 283 High purity; single crystal; freshly cleaved specinmens; ucar normal
(15° incldent angle) veflectivities dctermined from the intensity
ritios of the reflected light to the incident light; unccrtainttes
1. the reflectivitios wbout 52 in the wavelcugth region below
0.095 um and about 1X ubove 0.095 Lm; dats excracted from a figure.

9 34 Kato, K. 1961 R 0.087-0,198 283 Susme as above except the crystal grown in air ian order to sece the
effects of hydrolysis on the reflectivities.

10 29 Hchls, K.W. 1936 R 12.0-55.4 293 Crystal; grown by the Kyropoulos method; specimen conliguration und
surface condition unspecifled; normal reflectivity determined Ly
using a freshly vacuum couted silver mirror us reference stuadurd;
data cxtracted from & fipure; estimuted uncertainty about :102;
temperature was not given, 293 K ussumcd,

11 35 Rocssler, D.M. and 1967 R 0.045-0.105 300 Single crystal; obtuined from the Hurshaw Chumlbcal Co.; specimens

Walker, W.C. cleaved in air and exposed to low humidity atwerphere for about 2
minutes before transferred to vacuua system of reflectometer; wear
aormal reflectivitics obtained over a Joug perfod of acassurvacut
no contumination from the use of un oi] diffusion pump und wo dunuge
due to oporations of radiation source observed; duta cxtracted f{roa
a figure; vatimuted uncertainty sbout 5%,

12 41 KXifer, M, 1958 | 13.4-26.0 7? Crystal; specimen with top surfuce highly polished; reflection sycc=
trua mcusured and detormined with respect to a reference sirror made
of Cerman VA steel; duts extractcd {rom a figure,

13 41 Kiter, M. 1958 ] 13.5-25.0 293 Sams as abuve.

~
. .
( -
*
L S R — - - e e v e ——— - . N -




R

TABLE 7.

SUIDARY OF MEASUE
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ENTS ON THE REFLECTLVITY OF LITHIUM FLUORIDE (continued)
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"Dota -
Ref. . Method Wavelength Temperature

Ezt Yo. tuthor (s) Year Used Rang;. gu:n ? K M Specifications and Reuarks

14 41 Klfer, M. 1958 R 14-25.4 573 Same as above.

15 51 Cottlied, M. 19690 R 14.5-36.0 300 Li’F crystals obtained by reaction of Lt (§7.7% pure Li7), H,0 aud
HF; vacuum cvaporated £ilm (10 .m thick) onto a natural crystel of
LiT; heated to 523 K then cooled; data extracted froz a figure.

16 51 Gottlieb, M. 1960 R 14.5-36.0 300 Same as above except material obtained from a chemical reactor of
LiCOz (99.9% pure L1®) with HF.

17 52 Johuson, B.K. 1941 R 0.134-0.164 298 Single crystai; polfshed suriace; back surface ground; mcssurcocits
made in vacuum; data extracted from a tuble.

18 53 Sulzbach, F. and 1636 R 8.0-36.9 298 Thin film; evaporated in vacuum onto a glass substrate at 528 &;

Turaer, A.F. refleceivity measurements made at 298 K using spectrophotometer;
data extracted from a figure.

19 53 Sul/buach, F. and 1966 R 10.9-36.9 298 Same as above except film was deposited onto gluss at 423 K.

Turier, A.F.
20 53 Sulzbach, F. and 1966 R 10.6-34.5 298 Crystal; polished surface; data extractea from a figure.
Turnuer, A.F.

21 54 McCarthy, D.E. 1963 R 2.0-50.0 298 Synthetic crystal; 5 mm thick; polished to flatness of scven filnges
on both sides; 30° reflectivity messured; aluminum =icror reference
staniard; data extracted from a curve.

22 55 Stvphan, G., 1967 R 0.0306-0.103 298 Cleaved; 20°* spectral reflectivity meusured in vacuum; data extrudied

Lemonnier, J., and frem a figure.
Robin, G.

23 55 Stephan, G, et al. 1967 R 0.0306-0.103 298 Same as above except for 60° reflectiviey.

24 35 Stephan, G. et al. 1967 R €.37-0.10 298 Polished; 20° reflectivity measured in vacuum; <ata cxtrazted {rex 3
curve,

25 56 Murtin, T.P. and 1966 R 14,5-28.1 298 Thin film evaporated onto glass substrate in vacuum; temperzture of

Turner, A.F. substrate 308 K; ncar normal reflectivity measured; data extractud
from a curve.

26 56 Martin, T.P. and 1966 R 14.6-36.0 298 Surme as obove except substrate tomperature 373 K.

Turner, A.F.
27 $6 Martin, T.P. and 1966 R 16.4-36.0 298 Same as above except substrate tcempersture 423 K.
Turner, A.F.
28 Sb Nartin, T.P. und 15866 R 14.5-36.0 298 Sume as above except substrate temperature 523 K.
Turucr, A.F.
29 5 Murein, T.P. und 1966 R 16.9-36.0 298 Sume as above except substrate temperature 573 K. f,
Turnce, A.F.
~
i
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TABLE 7.

SUMMARY OF MEASUREMENTS ON THE REFLECTIVITY OF LITHIUM FLUORIDE (continued)
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R;:.' Author(s) Yeusr M;:::d kﬁ:’:;::‘g;-h Temperature, Specifications and Remarks

56 Martin, T.P. and 1966 R 13.7-35.7 298 Single crystal; normal reflectivity meascred; Jdata extracted froa a
Turner, A.F. figure.

57 Rao, K.&., Moravec, 1975 R 0.041-0.104 100 Single crystal; cobtafued from the Harshs. Chemical Co.; cleaved
T.J3., Rife, J.C., and specimen of 1 cm diumeter and 3 mm thick; specimen kept in vacuum
Dexter, R.N. during measurements; near normal reflectivity obtained; data ex-

tracted froa a curve.

58 Schaefer, J.C. and 1965 R 2.5-34.8 300 Single crystal from the Harshaw Chomical Co.; gcometry not specified;
Hill, E.R. General Electric uad Perkin Elmer speciruphotonetiurs used; duta ex-

tracted from smooth curve.

59 Gottlieb, M. 1960 R 15.9-34.7 135 Siugle crystal from Harshuw Chemical Co.; polished with water coa-
pound, normal reflectance measured in vacuum with alumioum mirror
refe ‘ce standard; data extracted from a curve.

39 Gottlich, M. 1920 R 16.5-23.7 210 Same as above.

59 Cottlieb, M. 1960 R 11.14-64.11 300 Same as above.

59 Coctlieb, M. 1960 R 16.5-28.3 358 Same as above.

<9 Gottlieb, M. 1960 R 2.0-14.a 300 Same as above.

60 Turner, A.F., Chung, 1965 R 14-39 293 Polished single crystal; aear normal reflectivity neasured with
L., and Marcin, T.R. aluminun wirror for refcrence; data extructed from « figure.

61 Nukagawa, 1. mm 2 4.7-47.7 293 Single crystal; near normal reflectivity messurcments made fn a

vacuum; data extracted from a curve.

37 Toniki, T. and 1969 R 0.095-50.155 293 Single crystal; obtained from the larshaw Chemical Co.; fresuly
Mijuta, T. cleaved; normal reflectivity mcasured in vacuum; data extracted from

a curve.
40 Nachare, A., Soriaga, 1974 ] 8.69-50.0 300 Single crystal; well polished und carefully suncaled specimens; near
N.P., und Mdetmann, G. normal reflectivity obtained; in the long-wuvelength-shoulder region,
random error about 2-2.5%; in the high reflectance region, raadoa
error about 0.52; in the low-wavelength-shoulder, random crror about
1.5%; data extracted from a tuble.
40 Kachure, A. et al. 1974 R 8.69-50.0 80 Sume us above.
40 Nachure, A. et al. 1974 R 8.69-50.0 20 Sana as above.
N
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TABLE &. EXP?ERIMENTAL DATA ON THE REFLECTIVITY OF LITHIUM FLUGRIDE

[wavelength, A, um; Tenperiura, T, K; Reflectivity, 0)
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TABLE 8. EXPERIMENTAL DATA ON THE REFLECTIVITY OF LITHIUM FLUORIDE {continuci)
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TABLE 9. SUMMARY OF MEASUREMENTS ON THE TRANSMISSION OF LITHIUM FLUCRIDE
FB;‘“ Ref. Author (s) Year Method Wavelength Temperature, Specificatd 4 R " -
‘.:l: Xo. or (s ea Used Range, hm K pe cations and Remarks

1 34 Rato, R. 1961 T 1.8-11.0 283 High purity; stngle crystal; freshly cleaved specimens with thick-
nesses unspecified; data extracted from a curve.

2 34 Kato, R, 1961 T 1.9-11.0 283 Similar to above except crystal grown in air in order to see the
effects of hydrolysis on the transmittunces; transmission spectrum
shows an absorption near 2.8 ym due to the vibration of O-H bond.

3 41 Kifer, M. 1958 T 4.5-8.0 77 Crystal; thin specimen of 6153 um thick; transmittance spectrum
mcusured; data extracted from a figure.

4 41 Klier, M. 1958 T 4.5-8.0 195 Same as above.

5 3] Klier, M. 1958 T 4.5-8.0 293 Same as above.

[ 41 Klier, M. 1958 T 4.5-8.0 573 Same as above.

7 4 Klier, M. 1958 T 6.0-9.50 77 Same as above except for specimen of 2021 um thick.

8 L3} Klier, M. 1958 T 5.5-9.32 195 Same as above.

9 41 Klier, M. 1958 T 5.5-9.12 293 Same as above.

10 41 Klfer, M. 1958 T 5.5-58.1 573 Same as above.

11 41 Klier, M. 1958 T 6.0-10.3 77 Sume as above except for specimen of 726 um thick.

12 41 Klier, M. 1958 T 6.6-10.3 195 Same as above.

13 41 Kiier, M. 1958 T 6.0-10.3 293 Same as above.

14 41 Klier, M. 1958 T 6.0-9.7 573 Same as above.

15 41 Klier, M. 1958 T 75-14.2 77 Same as above except for specimen of 145 um thick.

16 41 Klier, M. 1958 T 7.5-13.2 195 Same as above.

17 41 Klier, M. 1958 T 7.5-12.7 293 Same as above.

18 41 Klier, M. 1958 T 7.4-12.2 573 Same us above.

19 [33 Klier, M. 1958 T 10.9-15.3 77 Same as above except for specimen of 60.1 pm thick,

20 41 Klice, M. 1958 T 10.9-14.5 195 Same us above.

21 41 Klier, M. 1958 T 10.9-13.8 293 Same as above.

22 Sk McCarthy, D.E. 1963 T 2-50 298 Synthetic crystal; 5 mm thick; polished to flutness of seven friuges
on both eides; duta extructed from a curve,
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TABLE 9. SUMMARY OF MZASUREMENTS ON THE TRANSMISSION OF LITHIUM FLUORIDE (continued)
S ; — . = e - crrees R AT WER b W Ty Y M £ L mATAE A e marr S
) Ref. Method Wavelength Temperature, e —
i_:'- Yo. Author(s) Year Used Range, Lm K Specifications and Remarks
23 62 Davis, R.J. 1966 T 0.104-0.205 298 Single crystal; freshly cleaved; 1.3 mm thick; measured in vacuunm;
é- a extracted from a curve.
24 62 Davis, R.J. 1966 T 0.104-0.205 298 T ~ ibove specimen measured after 20 months storage in a chezfcal
desiccator.
25 62 Davis, R.J. 1966 T 0.104-0.205 298 The above specimen measured after 2 minutes of ultrasonic cleaning
in absolute ethyl alcohol.
26 €2 Davis, R.J. 1966 T 0.104-0.205 298 Polished; 2.0 mm thick; mcasured inr vacuuwm; data cxtracted from
curve.
27 62 Davis, R.J. 1966 T 0.104-0.205 298 The above specimen measured after 11 months storuge im uacontrolled
environment (Lumidity never exceeding 95 K).
28 62 Davis, R.J. 1966 T 0.104-0.205 298 The above specimen measured after 2 minutes of ultrasonic cleaning
in absolute ethyl alcohol.
29 63 Jones, D.A., Jones, 1952 T 5.00-7.19 298 Single crystal; reflection losses eliminated and transmission ad-
R.V., and Steveanson, justed to standard thickness of 1 c; duta extrscted frem a srooth
R.W. curve.
30 64 lLaufer, A.H., Pirog, 1965 T 0.104-0.145 299 Single crystal; obtained from Hurshaw Chemical Co.; freshly cleaved
1.A., and Moneby, J.R. specimen; 1.5 mm thick; stored and measured in vacuun; dacta en-
tracted from a curve.
31 64 Laufer, A.H. et al. 1965 T 0.105-0.145 336 Above specimen and conditions.
32 64 Laufer, A.H. et al. 1965 T 0.106-0.119 374 Above specimen and conditions.
i3 64 Laufer, A.H. et al. 1965 T 0.107-0.109 407 Above specimen and conditions.
34 65 Heath, D.F. and 196¢ T 0.105-0.300 298 Synthetic crystal; obtuined from Hurshaw Choemical Co.; opticaliy
Sacher, P.A. polished specimen of 2.09 mm thick; measured in vacuuz; vata ex-
tracted from a curve.
35 66 McCubbin, T.K. and 1950 T 109-486 298 Specimen of 1 mm thick; data extructed from a curve. »
Sinton, W.M.
36 67 Bolot, G. 1965 T 0.105-0.350 298 Pure L1F, 0.82 mm thick; data extracted from a curve.
37 68 Linsteadt, G. 1964 T 1.0-10.5 50 Single crystul; specimens of 1.02 mm thick und 1.27 ca in diurcter;
duta extracted from a curve.
38 68 Linsteadt, G. 1964 T 1.0-10.5 85 Similur to above.
39 68 Linstcadt, G. 1964 T 1.0-10.5 300 Similar to above.
40 3 Toriki, T. and 1969 T 0.104-0.193 298 Single crystal; obtained from Harshaw Chumical Co.; freshly cleuved
Miyata, T. specimen of 0.221 cm thick; meusuremeants made fu u v.cuum; dute ax=
traucted from a curve.
™\
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TABLE 9. SUMMARY OF MEASUREMENTS ON THE TRANSMISSION OF LITHIUM FLUORIDE (continued)
Data - bl ———— — -
W, 1 h T
:zt R.‘:f" Author(s) Year H;;::d :::g::‘i; emperature, Specifications and Remarks
41 37 Tomixi, T. and 1969 T 0.104-0.,210 298 Above conditions except for specimen of 0.200 ca thick.
Miyata, T.
42 39 Mead, D. 1974 T 43.8-438.6 6.2 Single crystal from BHD Ltd.; hund polished specimen of 1.2 ma
thick; data extracted from a curve.

43 39 Mead, D. 1974 T 76.1-448.5 99.7 Above specimen and conditions.
44 39 Mead, D. 1974 T 133.5-535.0 290 Above specimen and conditions.
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TABLE 10. ZTXPZRIMENTAL DATA ON THE TRANSMISSION OF LITHIUM FLUORIDE

{Wavelength, A, um; Temperature, T, K; Transmission, T}

A T A T 13 T A T A T P <
J4T4 ST 2 DATA SZT 2130ATL) D4ATA SET 3(CONT.) QATA SET S(CONT L) OATA SET 7 04T4 SET 8(CCHTL)
T = z283.8 T =177
2.817 L6889 64 PR3 belie Ge9063 8.63 welll
1.88 vwe393 2.8% w820 benS 0,323 He33 Le937 6.03 e 925 827 §e223
2439 Je9.3 2.89 we bl ces9 Qo748 5425 b.326 6.2¢ C.G26 Sei2 Geabd
2495 .32 3.25 [re-3-14 2,73 de723 303 G.317 BenS veBidd 3.32 $el35
2.2 e weod Ceblh LR L} G.677 Sa?Z Gasoé w74 e 33,
N 3 ol cedl0 2e34 urBdw 5437 LedW7 0,33 JeBle Q0ATa 32T 9
“wed3 C.857 Teub Je.572 624 C.769 707 (.79 T = 233.0
5ela 874 7.22 d.%t0 Bavwb LeE05 7.22 C 77>
5.33 e hTL 7.3% Jebed? ©e33 Geci2 7434 3.754 S 34 [ IR LTS
572 Le8%3 Tew? sewi? Se72 C.5¢0 Tewul? 6. 7.7 2.73 dedec3
- Ty welisa 7.9 3.336 oe30 [T 7.6 (.68) a.e? veSl3
6.32 wa?33 7.72 vedil 5459 ™ 7.69 0,620 Bel0 ded3e
. ce32 L6535 7.8 §e245 Tesn Ledve 7483 Ce57 0. 37 veved
0.73 FELET) Betl Je1l1 721 vel96 7.97 ['PX T1) 083 de?755
) 0431 Te€09 7.32 4250 8.07 i, 450 7,07 ve63e
74?7 ved5lh QATA SET & Tolsin Gedud 8..7 Py ¥4 T7.32 f.tZe
T.2v velklh T o= 195 T 37 G.150 8.32 Ge 333 Te53 oDl
Tawl [ 1-1% TeTw L.118 Lobk5 Te32 Coe4la
7437 Lel38 3¢5 Je5837 191} ] oty
Tale [y ) 3.75 PR} $4 Sa4T& SET 6 8.7¢ 3alw vella
7.9, veld2 5.58 Ted32 T s 5723.¢ 8.81 3.03 Lel75
d.43 Jeawi 9449 G.836 8,95 8. 87 $es35
8.24 Cedid 5433 3.739 “e52 (e3C5 .49 9si2 G133
Bewd vl 78 Bewb Bal5% well L9315 9.29
8.9, volbl be58 Ga713 w39 LeS0a 9.32 DATA SET 12
Fewl Golob nel JeE73 3.5 ved728 Geu? T = 5734
iveu? Lol 3€ 5e83 J.b16 5433 c. 826
aveld S.udé ge ¥ de555 5478 [ % X% CATA SET & EXS- T [ ]
Teus Bee986 5.98 Ledel T = 195.0 5.73 54887
0arTa Ser 3 Tecn Jobul Be20 SeB4L7 0.l FRLETS
I T & P T.32 J.389 93 vende besd 0,929 6.28 .17
Tend g.32% 6evw CeI77? 0.2 G.535 .57 Jewdd
& 4,51 cedbl T.56 J.2r2 0.58 veldlld 6.57 e85« 6.33 we5J0
[ 1.S¢ Jed+l asl~ veS0l 7T.7¢ 8.2:3 8.72 [yy-11 543 Medla 7e47 Lew?l
Cea? Gedet .92 ve9bi 7. db C.109 o.Bl G.199 T.l7 C.733 7.32 Sedl6
2.53 wedd. 3429 L3558 6e33 vel53 7.3¢ CebTT T.58 velt9
2ad te320 5.32 GaF49 DATA 38T 5 7.33 t.222 7.58 Jebu3 7.83 beli88
2.a7 Se735 S5e7n ¢.336 T = 233.0 7..9 G078 7.83 ColeBo 8.69 welinb
2.73 XL H [ FPPY vedin 8.03 8. 63
2+70 3 €75 0,25 veloYy hebi 0949 8434 Ce3lo
Y
‘ .
{ —
.
i
.- - . . — — - e -
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3474 SET 11

T =z 17.2

9.3 veIDY
be%u Je33l
933 de 382
Tade FEELIAY
7475 P Y
9..3 1e757
8.23 ve736
.56 Set33
5.76 Lesl2
8.9¢ cez3l
J.c~ ve 30
Juwd vef32
902 Cew32
9,95 Le 303
Leegd 3252
JATA ST 2

T 3 L9%e0

€.03 el
T.35 len3l
7.39 ve33d
T.0b Jel3e
7.47 Gee2
8,.5 setBdy
3,03 ws32
4,05 saCob
3.3% 4o ¥28
d.i¢ ve333
3,33 ce~l?
Je0d velal
3.9% Lol
Le.ele “e333
JATA 327 13

T = 293.¢

el veldel
6.53 vedl3

S

CATA SEY 3€I0NT.)

7..3
7.33
7.0~
?.8?
4.5
da0d
3.05
8.93
9,56
.34
.07
Ser3
LR Y39

CaTa SET

T s 573.9

Seud
6.03
0.33
Teei
7.37
.83
Tede
$.25
Jewi
d.05
3.31
Jeab
S.3aq
3.07

3aTa SEY
T = 7.3

7.5
T.73
8..3
8627
8.5%

TABLE 10.

T

C.865
Y ]
velok
Leb3S
C.623
vsd00
Je553
Coes3
< -38
veldl
ce289
Lelsé
aelts3

i

JelY
Leb58
vetlsl
Leluld
vebdo
Gebi €
VeS3w
Cowid
veld3 &
ve2?78
becid
velb &
Geslil
ver B2

15

0855
b o982
ve927
Velln
G305

EXPERIMENTAL DATA ON THE TRANSMISSION OF LITHIUM FLUORIDE (coutinued)

A

DAFA SET 1S{CONT.)

4.72

3.98

J.20

Fewb

9.73

337

1.2t
10.46
el
lue%0
li.28
Li.bb
1.74
1195
FIY AN
i2.40
aZe72
12499
13.22
13.%3
13.74
3394
i4.21

DATA SET
T = 135.)

7.31
779
Bel3
8.7
8456
8487
3453
Yol
3.57
3.82
1T el7
10438
ieebF

1

d.615
J.9435
Gedu2
$ed7S
Soetus
3.735
daTed
0.719
3635
Ge €39
3536
o227
Jeaa?
0.343
C+254
Je107
Ua132
3.126
Je233
Seini
w329
vedd2
3.663

io

34935
e 52¢
523
0e932
G887
Jeals
3.878
3.859
Jedie
3.764
Je709
0.655
G.010

A 1

OATA SET 16 (CONT,)

luedd Le509 848« 0.753
11.13 Se5L7 S8 €722
12499 Qe s07 9.59 o613
1Z.38 L.381 3deu? te5La
12474 [y-1 10,¢€3 Le 360
3.7 Leu55 1l.i¢ “s &2

331.69 6.213
oara SgT 17 22.13 0.655
T = 293.35

DATa SET 19
Tha 44312 Tz 270
7.75 Je896
8.42 Ge879 1397 (770
8.28 Le BB 11.é8 u, 75
8.50 L.862 11,62 V.7L3
3.89 0e%%a lisie Ce034
9.49 G.33¢L 13.95 [ PR TN
3432 i.832 12.49 Ueb31
4458 L.765 12,48 Lewdd
3.43 vwe?ls$ 12,67 Uew22
10,68 Qe €63 12.96 de 302
1J.3% Ge 5Bk 138.2 C.872
FS o -1 $.520 13,46 C.39
1.468 vesbl 13.75 €. 38, .
ilade Le3Gy 13.98 ve B,
42,37 Vo333 14,22 d.337
12,63 yeld2 1esed | PR 1Y
1..39 Ge386 1e. 7y Je293
32.33 vead? iee 93 Qe 222
12441 0.C76 15.23 Qe $72
12.72 I PR T

DATA SZT 2¢

ATA SEY 16 T = 135.8

T = 5730

1137 Co?in
Ten9 .89k Z1.26 [ L
T.74% (.872 1i.47 e €22
7.99 G853 LX TR G. 803
8.ib G827 11.93 Ce 5397
3.57 L.7980 1%.19 Qo kl3?

X X

DAYA SET 18 (CONT.)

S
A T
OATA SET 24¢(CInT.)
12408 Jelba
alels ve277
$2.9% belud
13.22 Lec2?
adewn wezz?
1ael> fec2?
1ie33 vel, 0
24422 Q.77
Leeed veasd
unld SzF 2.
T x <934
lued7 ved51
il.éo uswela
2i.0? bellw
1. Geldle
22435 G218
eCea?)d uee5%
L2es welyd
ic.o? ["EPRY ]
12.9% Getza
2dece T )
13.64 Vo0
ase73 beudi
CaTa SET 22
T s ¢80
Zeow Je330
3. 8¢ deSun
Send 8953
b.bo 4.023
8edw ved32
0aTA SEY 23
T = 398,08
Ge2d6 0.229
vein9 vedsd
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X by

Sata SET 25(TCNT.)

0215 Ge50d
ceddy 572
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Le373
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e 3Bl
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«e23€
cedld
iel08
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ved73
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veldd Le37
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Jelow vedu5
[
[

2 T

OaTA SET 27 (CONTW!?

Jeibb 3.585
2.385 U.7148
veldq¢ Je?732
vel.L 3.777
Y43 0305
OATA SET 23

T = 23,0
Jeda? Gelnwd
FEES & d.263
Jedll welob
Jeaml vesad
JeibL CeSed
J.153 0.837
Jelb5 D.£82
Jed73 veiuld
veo83 Ge733
JeaSy Je733
PR ce 835

JATL SET 29

T = 23840

deul Se375
PRy 0.943
3453 vedldo
5.72 vedl3
592 .72
Qezd Conds
de00 velal
0.95 Jells
7.12 Celll
DATL 387 35

T = 299.5
Jelub doi78
Jedl5 C.233
Jeild Je3T0

ENPERTIMENTAL DATA ON THE TRANSMISSION OF LITHILM FLUORIDE
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TABLE 10. EXFERIMENTAL DATA ON THE TRANSMISSION OF LITHIUM FLUORILDE (continued)

1 A T A B A T A T A he
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TABLE 19.

EXPERIMENTAL DATA ON THE TRANSMISSION OF LITHIUM FLUORIDE (continued)
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TABLE 11. PEAK POSITIONS (Apayx) IN pm AND HALF-WIDTHS (W) IN eV FOR THE F, R, M, AND N
ABSORPTION BANDS IN LITHIUM FLUORIDE*

Interionic F band R) band Rz band M band N bands
dist., d Temp.
(K) Amax w Amax Amax Amax Amax
2.01 RT (0.254)1 0.295) (0.320)  (0.416)
0.245 0.74 0.306 0.376 0.444 N;: 0.520
0.248 0.76 0.308 0.378 0.445 N2: 0.540
0.249 0.7 0.310 0.380 0.447
0.250 0.313 0.450
0.257 0.316
NT 0.242 0.47
HT 0.243 0.58
0.43

* Values were taken from Ref. [69].

T Values given in parentheses are calculated from the Ivey relations [70].

F band A
max

R; band A = 816 d'-%"
max

Rz band A = 884 d!-%*
max

M band A = 1400 d'-%°¢
max

= 703 d!*®" for NaCl structure, A
max

= 251 425 for CsCl structure.
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TABLE 12. RECOMMENDED VALUES ON ABSORPTION COEFFICIENT OF
LITHIUM FLUORIDE IN IR REGION AT 300 K

Absorption Coefficient, cm™!

1

v, em” A, um Obgerved?t
Intrinsic* (Selected)
1.100E+03 9.09 1.6E+1
1.191E+03 8.40 8.9E40 9.9E+0
1.240E+03 8.06 6.5E40 7.8E+0
1.292E+03 7.74 4.6E+0 5.6E+0
1.346E+03 7.43 3. 2E40 3.6E+0
. 1.395E+03 7.17 2.3E40 2.5E+0
) 1. 449E+03 6.90 1.6E+0 1.5E+0
! 1.497E+03 6.68 1.2E40 1.3E+0
, 1.550E4+03 6.45 8.6E-1 9.38-1
1.605E+03 6.23 6.0E-1 7.0E-1
1.658E+03 6.03 4.2E~1 5.0E-1
L 1.701E+03 5.88 3.2E-1 3.4E-1
) 1.751E+03 5.71 2.3E-1 2.4E-1
1.802E+03 5.55 1.6E-1 1.7E-1
| 1.85%E+03 5.39 1.1E-1 1.1E-1
1.887E+03 5.30 9.5E-2
1.901E+03 5.26 8.7E-2 8.2E-2
1.949E+03 5.13 6.3E-2 6.2E-2
2.004E+03 4.99 4. 4E-2 4,2E-2
2,101E+03 4.76 2.3E-2 2.1E-2
2.203E+03 4.54 1.2E-2 1.1E-2
2.304E+03 4.34 6.2E-3 5.9E-3
2. 400E+03 417 3.3E-3
2.500E+03 4.00 1.7E-3
2.600E+03 3.85 9.0E~4
| 2.632E+03 3.80 7.3E-4
. 2.700E+03 3.70 4. TE-4
I 2.800E+03 3.57 2.4E-4
! 2.900E403 3.45 1.2E-4
: 3.000E+03 3.33 6.6E-5
\ 3.704E+03 2.70 6.7E-7

*Intrinsic values were calculated according to Eq. (23)
with uncertainties about *10%.

i tValues in this column are the total absorption coefficient
which are either lowest reported or those used to define
the constants in Eq. (23). Uncertainties of these values
are about *10%,
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3.2. Sodium Fluoride, NaF

Sodium fluoride is less hygroscopic than the other alkali halides, with
the exception of lithium fluoride. It is transparent over the same range of
wavelengths as calcium fluoride, a wider range than that of lithium fluoride.
It is deficient in its mechanical properties, but it has some uses in cases
where a particularly low refractive index is desired. 1t can be easily evapor-

ated as a thin film and can be used as reflection-reducing coating.

Available data on the refractive index of NaF are not abundant, mainly
because of its mechanical weakness. The ultraviolet absorption region was
investigated by Sanc [71], the transparent region by Hohls [29], Harting [30],
Kublitzky [72], and Spangenberg [73], and the infrared region by Randall [74].
Zarzyski and Naudin [75] obtained n for molten NaF for the Hg green line at

a temperature of 1273 K.

Li [33], in 1976, reduced the then available experimental data on the
refractive index to a common temperature of 293 K and after careful evaluation
and analysis adopted a Sellmeier type dispersion equation to calculate the

refractive index at 293 K in the wavelength range 0.15-17.0 um:

2 2
0.32785 A2 3.18248 ) 26
A2 - (0.117)%2 A% - (40.57)2

n = 1.41572 +

where A is in units of um,

’ Investigations of absorption coefficlent for practical applications are
J generally classified into three wavelength regions: the ultraviolet and the
{ infrared limits of transparency, and the transparent regions. In the ultra~
‘ violet region, the purposes of the studies were to investigate the exciton

s states in the crystal and to determine the Urbach-rule parameters.

Tomiki and Miyata [37] performed reflectivity and absorption measurements
in the intrinsic wavelength region of cleaved NaF samples to clarify the thermal
and spectral dependences of absorptions in the tail region. Effects induced
by the ultraviolet radiation were observed. Sizable changes in transmission
and reflectivity were observed during the course of uv exposure, suggesting
the specimen underwent some kind of damage by the radiation. For this reason,
experiments were conducted on freshly cleaved specimens. The absorption spec-
tra of a Harshaw NaF plate of optical quality, displayed broad absorptions

PRECEVDIAG FAR B
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around 0.14 uym due to impurities. However, it showed an exponential absorption
tail in the highest energy end of the spectrum, 0.125-0.127 pm, where absorp-
tion coefficients were higher than 50 em™!. Since the tail spectra of intrinsic
exciton lines as well as of impurity-induced exciton lines equally obey the
Urbach rule, the fact alone that a given tail obeys the Urbach rule does not
always constitute in itself a criterion with which the tail can be judged as
intrinsic or extrinsic. As evidenced by the broad absorption band around

0.14 pym, the observed tail of this specimen can be regarded as an impurity
~bsorption tail. Sano [71] also investigated the Harshaw NaF single crystals
at 78 and 300 K in the spectral region 0.104 to 0.21 um. Results similar to
that of Tomiki and Miyata were observed; namely, broad and prominent impurity
absorptions followed by the extrinsic exponential tail. The dependence of

the experimental band tail on temperature was compared with the theoretical

curves for the intrinsic Urbach tails:

o = a expl-0 (1) (E_-E)/kT] (25)
and
L, 2T onE
9g(T) = 0o r tah 7

The constants, Eo a..d ao, are the coordinutes of the theoretical cross-over
point. Sano estimated cross-over point for intrinsic Urbach -a11 at (,0.70 eV,
10% cm™ Yy, Veo = 0.69 and hf = 16.5 meV. Chemically purifie. and zone refined
NaF single crystals were prepared and measured by Foldvari et al. (76} in the
vacuum uv region at temperatures 100 K, 190 K, and 298 K. The reduction of
concentration of OH , C17, and Br~ impuricies, through the pur ¢tcation process,
resulted in the low absorption in the region of 0.13 to 0.16 un  The speci-
mens were placed behind the exist slit of the c¢ptical system ir order to avoid
the irradiation effects. Their experimental results indicated a theoretical
cross-over point at (10.70 eV, 10° cm™') in agreement with Sano's estimation.
As the extrapolated experimental uosorption curves directed towards a common
cross-over point, even at low iemperatures, they concluded that the arsorption

is intrinsic.

Tomiki et al. [77] reported absorption coefficients of NaF at 29 K on
the lower energy side of the lowest-energy exciton peak. In this spectral
region, absorption rises with increaring energy first exponentiully and sub-

sequently non-exponentially forming the lower energy branch of the asymmetric




Lorentzian shape of the main peak. This feature owes its origin to the fluorine

ion.

In the laser wavelength region, Harrington and Hass [78] investigated
the temperature dependence of multiphonon absorption at 10.6 um from room tem-
perature to 1110 K for NaF samples using transmission measurements with a laser
and power meter. All measurements were carried out inside a stabilized oven
on samples polished mechanically, followed by chemical polishing. It was ob-
served that the absorption coefficient increases monotonically and smoothly
with temperature and appeared nearly as a stralght line on logarithmic scale,
as anticipated for the near-intrinsic abosrption of the crystal. Since the
absorption levels of NaF at 10.6 um are in the order of 1 cn~ !, it is suffi-
ciently high to be ascribed to intrimsic behavior.

Pohl and Meier [79] studied the absorption at the wavelengths 9.3 yum
(1020 cm™ ') and 10.6 pm (943.4 cm™!) in the temperature range from &4 to 400 K
on two samples of different purity. One was grown by standard techniques,
with exposure to air, the other was grown in an argon atmosphere. Thus the
main difference between the two samp'es was the concentrations of oxygen-
containing impurities, whose effects on the absorption coefficient were revealed
by an almost temperature independent amount of 0.25 cm™! higher at 10.6 pm and
by 0.30 cm™! at 9.3 um. Being about of the same order of magnitude as the
total absorption, the impurity induced absorption masks the intrinsic temper-
ature dependence of the impure sample in the low temperature region. In the
high temperature region, however, the discrepancies between the two samples
became less significant as the total absorption is considerably higher than
the impurity absorption. As a consequence, data from both of the samples agreed
reasonably well with the results of Harrington and Hass [78] which are slightly
larger by an almost constant difference of Aa = 0.09 cm™! than those of the
second sample. Similarly, at 9.3 um, Klier's results {41] are in line with
the above mentioned data. At both wavelengths, three distinct temperature
dependencies can be clearly observed: (1) a constant low-temperature absorption
in the region T % 150 K, indicating negligible occupation of phonon levels,
(11) the increase of absorption in the region >150 indicating phonon population

rising, (i1i) eventual compliance to the power-law, increasing at T > TDebye'

The infrared multiphonon spectrum of many ionic crystals is characterized

by a uniform, almost exponential, decay of absorption with frequency. A key

[aciioniy T T e
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to the experimental identification of the various multiphonon processes is the
temperature dependence of the absorption. The larger the number of phonons
participating, the steeper the increase of absorption with temperature. McNelly
and Pohl [80], in an attempt to split the exponential wing of the restrahlen

band of NaF into the component phonon absorptions, systematically measured
absorption coefficients in the range 6.67 to 16.67 um and 100 to 850 K. Ex-
tremely pure samples, which were believed to be intrinsic as evidenced by the
very small absorption at high frequencies, were employed. Although their studies
were able to separate the resultant absorption spectrum into component phonons,

the observed absorption spectrum does not indicate distinct peaks.

Figures 9 to 12 represent the available data. The pertinent information
on each data set and the corresponding original values are given in Tables
13 to 16. In addition, for completeness and comparison, available information
and data on the reflectivity and transmission are also presented in the same
manner (in Figures 13 and 14 and Tables 17 to 20). For the visible and near
visible regions, Table 21 gives the spectral positions of the well-known color
centers. Noticeable absorptions are likely to occur at these centers when
the crystal 1s exposed to ultraviolet, x-ray, or high energy radiation. How-
ever, these absorption bands may disappear at high temperatures or by appro-
priate radiation exposure, as a result of the so-called "thermal and optical

bleaching."

In the multiphonon absorption region (shown in Figure 11), the absorption
coefficients vary linearly with wavenumber in the semi-log plot indicating an

exponential relation

a=aq e—V/vo (26)

(<)

In this region, Hohls [29] measured absorption coefficient of NaF for the
spectral range from 7.5 to 24,0 um at room temperature. Klier [41] reported
his results on NaF in the range 7.9 to 19.1 um at temperatures 79 K, 293 K,
and 573 K. When compared with Hohl's results, a close agreement is observed.
i' wever, we found that their results were not adequate to define the constants
in Eq. (26). It was based on the results of McNelly and Pohl [80], the constants
were found to be v_ = 79.5 em ! and a = 6.1053 x 10" cm™!. Details of this

finding are given in the section entitled "Summary of Results and Recommendations."
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The recommended values given in Table 22 were calculated according to Eq.
(26). 1t appears that NaF has high intrinsic absorption at 10.6 um. However,
if Eq. (26) holds in the region <5 um, the intrinsic absorption there is lower
than 10~ cm. However, like most optical crystals, one expects to observe
an absorption band in the range between 2.6 to 2.8 um due to the hydroxyl ions
in the crystal. This absorption band can be eliminated through improved crystal
growing techniques. It should be noted that the values in the column "intrinsic"
are the lowest limits that one can obtain for ideal samples. In practice,
the observed values are generally higher than the limiting values at low ab-
sorption levels. Unless values are reported in the "observed" column, the

limiting values are considered as guidelines for estimation and investigation.

Although it was not the intent of this work to compile and evaluate the
absorption data in the vacuum ultraviolet region, for the purpose of providing
the reader with a total picture of the available absorption data, a plot of
the available data in this region is given in the Appendix of this report.
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TABLE 13. SUMMARY OF MEASURIMENTS ON Tii. ALSORPTION COLFFICIENT OF SODIUM FLUORIDE (Wavenumber Uependence)
Laga T T T R e s b beT Bt daomnmm o il el imeea ot e e laa.
Ref. ’ Method !

Ser 0 Author(s) Yecar ﬁﬂtg Ranpe, Specifications and Remarks

- Yo. Used =y

0. ch R S

1 29 Hohls, H.W. 1936 T 41.6x10%-1.34x10° 293 Crystal; grown by the Kyropoulos method; 14 plate snue
of thicknesses from 0.024 to 10.62 mim; abscorption cocfficients
determined from transuission measurements; data oxtracted from
a figure; temperature not specificd, 293 K assumed.

2 4] Klier, M. 1958 4 5.24x10%-1.06x103 77 Crystal; absorption-cocfficicnt dataduduced fromreficctivity
and transmirtance measurcucats on specimens of various thick-
nesses; data extracted from a figure.

3 41 Klier, M. 1958 R 5.7x107-1.12x10° 293 Same as above.

4 41 Klicer, M. 1958 R 6.06x107-1.26x10° 573 Same as above.

5 76 Foldvari, 1., 1974 R 6.46x10°-2,94x10" 298 Pure single ceyseals; chemically purificd and core relined;

Yoslka, h,, and freshly clcaved specimens of 0.2-6 mm thick; absorption ccef-
Rak<anyi, K. ficicent data extractud from a figure.

6 76 Foldvari, 1., ct al. 1974 R 6.46x10%-8,1x10"* 190 Above specimen anc conditions except at a lower tozpurature.

? 76 Coldvard, ., ot al, 1974 R 6.46x10"-8, 3x10" 390 Above specimen and conditions except at & lower te.pyrature.

8 7 Sano, R®. 1969 R 7.66x10-8.7x10" 8 Single crystal; obtained fron the Harshaw {lic-ieal To.,
cleaved specimens of 10 mm x 15 mm x 0.17-2.30 w2, «porox=
imately; a thinner speciren of 0.08 nm thicknrss uscd for
absorption measuresent in the range of absorpifon coefii-
cient as high as 10° cm 105 x 10° em ; data coxtracied from
a fipure.

9 71 Sano, R. 1969 R 5.0x10"-8.7x10" 295 Similar to above except at a high temperature.

10 77 Teniki, T., 1974 R 8.53x10°-8.62x10" 29 Staple crystals obtained from the Harshaw Cheuical Cn.; ab-
¥iyata, T., and sorption coufficients deduced from reflection spectrum; data
Isvkarote, H, extracted fron a curve,

11 82 Beck, M. and 1975 T 6.5x1¢ -1.1x10° 100 Single crystal of extreme purity; no Indication of wuy citr.a-
Pehl, C W, Bic ausorpticva; specimeas of 54,92 wm aad 3,82 = thi ub-

sorption measured by means of fnfrarcd spoctrophotemetec; duta
extracted from a ficurce.

12 37 Toaikf, T. and 1969 z 5.2x10°-8.0x10" 300 sinple crystal; ultraviolet quajity from the ilucsiiuw Clooic:
Mivata, T. Co.s freshly eleaved specimoas for Llsorptiva covifivivag

Jow 100 em™}; spocinens fur hisher abserption prorarld in oo

vacuum by melting the (lahes of crystals betweon two plutea oF

glassy carbon and pressoed; refloction and trausmission spuciza

obtained aud absorption cocfficients doetermined; dueta oxtrac-

ted from a figurc,
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SUMMARY OF MEASURIMENTS ON THE ALRSORPTION COEFFICIENT OF SORDIUM FIUORIDE (Temperature Dependence)

) TTotmmerremt oo M 'ChD‘d‘ o ‘.\'Il’\'('ﬂll.—-b\.‘r:\" AT :"‘ ‘rat e
Author (5) Year E Range, emperatur Specificaticns and Remarks
Used em b Range, K
79 fPohl, D.W. and 1974 T 943.2 31-390 Single crystal] made from Merck Suprapur NaF, grown in an argun
Mvier, P.F. atmosphete; specimen configurations and cxperimental details not
given; absorption coefficient obtaimed; data extracted from a figure.
79 Ponl, D.W. and 1974 T 1.075 x 107 32-397 Same as above.
Meicer, P.F.
8 Narrington, J.A. and 1973 T 943.4 300-1110 Single crystal; specimen with surfacecs nechanically and then chumi-
Hiss, M. cally polishud; absorption coefficicvats measured by transmission
method with a laser and power meter; data extracted frem a figure.
80 McNelly, T.F. and 1974 T 700 108-843 Single crystals of oxtreme purity; specimens of 34.98 and 3.52 =
Poh!, D.W. thick; no indicstion of uny extrinsic ubsorption; obsourption mcu-
surced by means of infrared spectrophotometer; duta oxtracted from a
figure.
80 McXNelly, T.F. and 1974 T 900 105-849 Sume as above.
Pohl, D.M.
£0 MNoNelly, TOF. and 1974 T 1100 200-~861 Samg gs above.
Pokl, b.W.
80 McNelly, T.F. and 1974 T 1300 207-881 Sume s abave.
Pahl, D.W,
80 MeNelly, T.F. and 1974 T 1400 221~899 Same as sbove.
Pohl, DN
81 Beck, B, and 1975 T 800 103-845 Sume as above and messured by McNelly and Pohl but reported in this
Pohil, D.W. refereance.
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TABLE 16. EXPERIMENTAL DATA ON THE ABSORPTION COEFFICIENT OF SODIUM FLUORIDE (Tewperature Dependence) (continued)
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TABLE 17. SUMMARY OF MIASUREMENTS ON TUE REFLECTIVITY OF SODIUM FLUORIDE

g R R o e € o e e rwa rem ST i T A= L R R A A o TR = 4

N Ref. . Method Wavelength Temperature, .

:':z Yo. Author(s) Year Used Range, L@ X Specifications and Rerarks

b 29 Bohis, H.W. 1936 R 19.8~54.1 293 Crystal; grown by the Kyropoulos method; spccimen configuraticn and
surface condition unspecified; normal reflectivity determined by
using a freshly vacuum coated silver mirror as reference stiudurd;
data extracted {rom a flgure; estimuted uncerzaingy about 210Z; rea-
perature was not given, 293 K assumed.

2 82 Rocssler, D, M. and 1967 R 0.105-0.138 300 Bulk sodium fluoride; no informut{on about the sgecimens glven;

Walker, W.C. reflection spectrum obtained; data extvacted from e figure.

3 82 Roessler, D.M. and 1967 R 0.105-0.127 77 Same as above except a4t a lower fuapersture.

Walker, W.C.
4 41 Klier, M. 1958 R 20.9-26.0 77 Crystal; specimen with top surface highly polished; reflection
spectrum measured with a reference mirror made of German VA steel;
data extracted from a figure.
5 41 Xlier, M. 1958 R 20.5-26.0 293 Same as above.
6 41 Klger, M. 1958 R 21.4-26.0 573 Same as above.
7 83 Chang, 1.F. and 1972 R 19.5-58.2 132 Crystal; obtained from the Harshaw Chemical Co.; specimcus with
Mitra, S.S. highly polished surface (with or without annealing) or freshly
cleaved surface; reflection spectra meusured and repeated soveral
times and reproduced within 2% error in intensity and less chua 1%
error in bund position; Jata extracted f{rom a figure.
8 83 Chang, 1.F. and 1972 R 19.5-60.5 215 Same as above excap: at a higher cémpeuzure.
Mirra, S.8,

9 83 Chang, I.F. sad 1972 R 19.5-60.5 298 Same as above except at a higher temperature.
Mitra, S.S.

10 83 tChung, I.F. and 1972 R 19.5-61.7 423 Same a4s above except at a higher temperature.
Mitra, S.S5.

11 83 Chung, [.F. and 1972 R 19.5~61.7 635 Same as above except at a higher temperature.
Mitra, S.S§

12 83 Chang, I.F. and 1972 R 19.5~60.5 792 Same as above except at a higher temperature.
Miera, 3.8,

13 83 Chung, I.F., and 1972 R 19.5-60.5 958 Same as above except at a higher temperature.
Mitra, S.S.

14 54 McCurthy, D.E. 1965 R 2.00-50.0 298 Synthetic crystal; 2.16 mm thick; polished to flatuess of 10 frivges;
30° reflecrivity nmeusured with aluminum mirror as refercnce stuaward]
data extracted from a curve.

15 84 Mitsuishi, A., 1962 R 19.9-51.6 300 Siugle crystul; near normal reflectivity; ncasvred i{u vucuua with

Yorada, Y, und aluminum mirrors as refercence stundard; data extracted from a curve.
Yoshinay, H.
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TABLE 17. SUMMARY OF MEASUREMENTS ON THE REFLECTIVITY OF SODIUM FLUORIDE (continued)
T e s e e - X — {0 S o o o
Ref. Method Wavelength Temperature, . .
EZ: Xo. Author (s) Year Used Range, um K Specificatious and Remarks
16 57 Ruo, K.K., Moravec, 1975 R 0.044-0,207 30 Single crystal; obtained from the Harshaw Chemfcal Co.; cleavec spuc-
T.J., Rife, J.C., imen of 1 em dismeter and 3 mm thick; specimen kept fa vaccum duriag
and Dexter, R.N. reflectivity measuremcents; near normal reflestivizy obtained; darz
extracted from a curve.

17 71 Sano, R. 1969 R 0.108-0.128 78 Single crystal; obtained from the Harshuw Chemical Co.; cleaved
specimens of 10 mm x 15 mm x 0.17-2.50 mm approximately; near norizal
reflectivity obtained; data extracted from a figure.

18 71 Sano, R. 1959 R 0.039-0.210 295 Same as above except at a higher temperasture.

19 61 Nakagawa, I. imn R 21.5-74.7 293 Single crystal; near normal reflectivity mcasurements made fn 2
vacuum; data extracted from & curve.

20 » Toaiki, T. and 1969 R 0.11-0.16 273 Single crystal; obtained from the Harshaw Chcmical Co.; freshly

Miyats, T. cleaved; normal reflectivity measured in vacuum; data extracted froz
a curve.
~
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TABLE 18. EXPURIMENTAL DATA ON THE REFLECTIVITY OF SODIUM FLUORIDE
[Wavelength, A, um; Teuwperature, T, K; Reflectivity, p)
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TABLE 18. EXPERIMENTAL DATA OX THZ REFLECTIVITY OF SODILM FLUORIDE (continued)
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EXPERIMENTAL DATA ON THE REFLECTIVITY OF SOD1UM FLUORILE
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TABLE 19. SUMMARY OF MEASUREMENTS ON THE TRANSMISSION OF SOCIUM FLUORIDE
Data Ref N “‘He thod Uav'e‘l.e:c: Temperature e . - -
. ., .
3:(. No. Author(s) Year Used Range, m K Specifications and Remarks

1 54 McCarthy, D.E. 1965 T 2.20-16.8 298 Synthetic crystal; 2.16 mm thick; polished to flatness of 10 fringes
of sodium D Iline; data extracted from a curve.

2 85 McCarthy, D.E. 1967 T 0.171-3.00 298 Single synthetic crystal; obtained from Hurshaw Cheamical Co.;
thickness of 2.16 mm; the two surfaces of the specizen vere parallel
to within 0.001 mn/mm length; polished to flatness of 10 fringes of
the mercury green line; data extracted from a curve.

3 37 Tomiki, T. and 1969 T 0.13-0.19 298 Single crystal; obtained from Harshuw Chemical Co.; freshly cleaved

Miyata, T. specimen of 0.188 cm; tramsmittance measured in vacuum; data ex~
tracted from a curve.
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: TABLE 21. PEAK POSITIONS (Apay) IN um AND HALF-WIDTHS (W) IN eV FOR THE F, R, M, AND N
N ABSORPTION BANDS IN SODIUM FLUORIDE*
Interionic F band R, band R: ba .l M band N bands
diStx: , d Temp. A W A by A W A
(A) max max “max __max max
> 2.31 RT (0.328)" (0.381)  (0.412) (0.516)
0.335 0.70 0.415 0.505 0.16
0.340 0.51 0.507
0.341 0.510
0.342
NT 0.332 0.50 0.498
HT 0.336

* Values were taken from Ref. [69].

t Values given in parentheses are calculated from the Ivey relations {70].

= 251 d2+% for CsCl structure.

F band A

max

703 d'-%* for NaCl structure, X
max

- 1.84
R; band A x " 816 4

= aps qleB8b
R; band A x 884 d

M band 2 = 1400 '3
max

IR

6
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TABLE 22. RECOMMENDED VALUES ON ABSORPTION COEFFICIENT OF
SODIUM FLUORIDE IN IR REGION AT 300 K
\ Absorption Coefficient, cm™!
v, em” A, um
ObservedT
Intrinsic* (Selected)
6.000E+02 16.7 3.2E+1
7.000E+02 14.3 9.1EH0 7.4E40
8.000E+02 12.5 2.6E4+0 2.7E40
9.000E+02 11.1 7.3E-1 8.0E~1
9.434E4+02 10.6 4.2E-1 5.5E-1
1.000E+03 10.0 2.1E-1
1.075E+03 9.30 8.1E-2 2.7E-1
1.100E+03 9.09 5.9E-2 4.6E-2
1.200E+03 8.33 1.6E-2
1.300E+03 7.69 4.8E-3 4.8E-3
1.400E+03 7.14 1.3E-3 1.4E-3
1.500E+03 6.67 3.9E-4
1.600E+03 6.25 1.1E-4
1.700E+03 5.88 3.1E-5
1.800E+03 5.56 8.9E-6
1.887E+03 5.30 3.0E-6
1.900E+03 5.26 2.5E-6
2.000E+03 5.00 7.2E-7
2.100E+03 4.76 2.0E-7
2.200E+03 4.55 5.8E-8
2.300E+03 4.35 1.6E-8
2.400E+03 4.17 4.7E-9
2.500E+403 4.00 1.3E-9
2.600E+03 3.85 3.8E-10
2.632EH03 3.80 2.5E-10
*Intrinsic values were calculated according to Eq. (26)
with uncertainties about *10%Z.
tTValues in this column are the total absorption coefficient
which are either lowest reported or those used to define
the constants in Eq. (26). Uncertainties of these values

are abou

t *10%.

———— - - [
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3.3. Sodium Chloride, NaCl

Pure rock salt is uniformly transparent from 0.2 um in the ultraviolet
to 12 ym in the infrared. In the region of 15 um the absorption increases
rapidly. Rock salt, in‘modetately thin pieces, may be expected to transmit
several percent of the light up to wavelengths as long as 26.0 um. However,
a plate 1 cm in thickness is completely opaque to radiation of wavelengths

greater than 20 um.

Rock salt has long been a favorite material for infrared spectroscopy.
It polishes easily and, although hygroscopic, it can be protected by evaporated
plastic coatings on its surfaces. It shows excellent dispersion over its entire
transmission range. It has been difficult, however, to obtain natural rock
salt crystals of sufficient size and purity for makipg optical components.
As crystal-growing techniques advanced, synthetic sodium chloride crystals
have been grown commercially up to 30 inch diameter and half-ton in weight,
making this ma:erial readily available for large optical parts and thus stimu-

lating the design and construction of infrared instruments.

Measurement of the refractive index of sodium chloride dates back to 1871,
when Stefan ([86] determined the refractive indices of a rock salt prism for
solar lines B, D, and F. Since then, a large amount of data in the transparent
region has been coatributed by a number of investigators, among them are Martens
[87], Paschen [88], and Langley [89]. They used either the deviation method
or interferometry in their experiments. It was not until 1929 that measure-
ments were carried out beyond the transparent region in the infrared. Kellner
[90] determined refractive indices of NaCl in the 23-35 ym region, based on
information on transmission and reflection of thin specimens. In the vacuum
ultraviolet region, Rossler and Walker [91) observed the region from 0.0476
to 0.2480 ym, and Miyata and Tomiki [92) studied from 0.10 to 0.25 ;m. Data
on the refractive Index are now available from 0.0476 um up to 300 pym and at
2000 uym. 1t was found that refractive index data in the transparent regions
for colorless natural rock salt are in close agreement with those for synthetic

sodium chloride crystal with discrepancies occurring in the third decimal place.

Li [33] reduced the then available experimental data on the refractive
index to a common temperature of 293 K and after careful critical evaluation
and analysis adopted a Sellmeier type dispersion equation to evaluate the

refractive index at 293 K in the wavelength range 0.20-30.0 um:




LSITTTTT T ™S e

0.19800 A? + 0.48398 A2 4+ _0.38696 A2 4+ 0.25998 %
A2-(0.050)2  22-(0.100)%2  A2-(0.128)% A2-(0.158)2

n® = 1.00055 +

0.08796 )\* 4+ 3:17064 A2 + _0.30038 %
A2-(40.50)2  A%*-(60.98)2  1%-(120.34)?

+

(27)

where % is in units of pm.

Investigations of absorption coefficient for practical applications are
generally classified into three wavelength regions: the ultraviolet and the
infrared limits of the transparent region and the transparent regions. In
the ultraviolet side, the purposes of the studies were to investigate the ex-
citon states in the crystal and to determine the Urbach-rule parameters. Roessler
and Walker [91] determined the absorption index of NaCl in the spectral range
from 0.047 to 0.248 ym by a Kramers-Kronig analysis of reflection spectrum.
Evidenced by the strong temperature dependence of reflectivity in the exciton
region and the appearance of spin-orbit split doublets, the surfaces of the
specimen examined were believed to be near perfect. Kobayashi and Tomiki [93)
studied the effects of impurities on the absorption coefficient and found sig-
nificant differences between crystals in the spectral range from 0.171 to 0.231 um.
The main soruces of such discrepancies were the presence of hydroxyl ions and
dislocations in the crystals. Miyata and Tomiki [94] and Tomiki et al. [77]
studied the absorption of NaCl in the region 0.156 to 0.205 um for the purpose
of determining the Urbach-rule parameters and finding the features character-
istic of the intrinsic tail. Through a systematic observation and analysis

they found the following empirical relations among certain parameters:

E, = 8.025 eV
@, = 1.2 x 10! em™?
hf = 9.5 meV

o, = 0.761

for the expression of absorption coefficient of the intrinsic tail
2(E,T) = a, exp [—OS(T) (EO-E)/kT]

where

2kT hf
0s(T) = 0so “hf tanh 2kT (28)
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Measurements of absorption coefficient at the infrared side were made
for the purpose of studying the optically active lattice vibrations. On the
short wavelength side of the reststrahl band, where a photon is absorbed and
two or more phonons are generated, multiphonon absorption can occur and lead to
absorption coefficients that range from 10~? cm~! to 100 cm™!, depending on

the number of phonons generated.

Measurements of the absorption coefficient in the transparent region are
relatively recent events as the development of high-power IR lasers has led
to a need for better characterization of IR window materials. Among other
things, the absorption coefficient plays a decisive role in determining whether
a material is adequate for laser optical components. For this reason, absorp~
tion coefficients of a number of selected materials were investigated at wave-
lengths of laser interest. Sodium chloride is among the candidate laser window
“ materials and its abscrption coefficients at wavelengths 1.06, 2.7, 3.8, 5.3,
and 10.6 um were intensively studied in order to determine the influencing
factors that contribute to the extrinsic absorption. These studies are very
informative and provide clues and means for material preparation and parts
fabrication in order to minimize the extrinsic components in the absorption.
Califano and Czerny [95] examined the region, 11-14 um, at room temperature.
Barker {38] measured the region, 11-20 um, at temperatures from 300 K up to
1105 K, 31 degrees beyond the melting temperature of NaCl. Harrigan and Rudko
[96] obtained the 10.6 um absorption coefficient, 1.3 x 107? cm™!, for NaCl

f by a CO, laser calorimetric method. This value was believed intrinsic, as
I evidenced by the fact that no noticeable improvement could be obtained by im-

provements in purity and growth techniques.

\ i Deutsch [12], using a differential technique with a dual beam spectrometer
measured the absorption coefficient for the wavelength range from I1.7 to 20 um,
at room temperature. Together with data from earlier investigations, it was

i found that the absorption coefficient in the multiphonon absorption region

can be represented by the expression
a=a exp (-v/v) (29)

where v_ = 56.0 em” !, and o, = 2.4273 x 10" cm™!. This relation covers the

ranges of o = 0.001 to 44 cm™! and A = 10.6 to 28,1 pm. It is not known if

the exponential relations hold for the lower wavelength regions. If they do,
the extrapolated values at 5.3 um should be 6 x 10”19,
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Harrington and Hass [78] studied the temperature dependence of multiphonon
absorption at a wavelength of 10.6 ym, from room temperature to near the melting
point, by the calorimetric method. 1t was observed that the absorption coef-
ficient increases monotonically with temperature as it would be anticipated
for the near-intrinsic absorption of the crystal. Based on their high temper-
ature (above 450 K) results, the extrapolated value at 300 K is in close agree-
ment with that of Horrigan and Rudko [96]. However, their experimental values
in the range below 450 K are considerably higher than the extrapolated values.
Their value at 300 K is 2.8 x 107% cm™!, apparently higher than 2.3 x 107° cm™?
reported by Horrigan and Rudko. This situation is quite similar to the case
of KC1 whose 10.6 um absorption is complicated by the existence of a surface
absorption band at 9.5 um. The only difference between NaCl and ACl is that
the intrinsic absorption of NaCl is about 2 to 3 orders of magnitude higher
than that of KC1 while the value of surface absorption observed in the case
of KCl is about one order of magnitude higher. As a result, contributfion form
surface absorption dominates the 10.6 um absorption of KCl, whereas the reverse
is true in the case of NaCl for a surface absorption of similar magnitude and

spectral location.

Hass et al. [97] used an improved laser calorimetric technique in the
determination of the 1.06 ym absorption coefficient for NaCl. The observation
of the temperature-time curve (thermal rise curve) indicated that the slcpe
of the curve during the lasing duration is constant and corresponds to an ab-
sorption coefficient of 7 x 107¢ cm™?, which is the lowest value of absorptiom
coefficient reported so far for a crystalline material. In this technique,
if the slope varies with time, the initial slope of the curve corresponds to
the bulk absorption. With elapsed time, surface absorptions and other contri-

butions are revealed as evidenced by an increase in the slope.

Allen and Harrington [98] measured the total absor; {on coefficients at
infrared laser wavelengths of 2.8, 3.8, 5.3, 9.27, and 10.6 um, using the calor-
{metric method. The samples, cut from a given boule, were reactive-atmosphere-
processed single crystals., It was found that samples of higher purity exhibit
lower absorption. Although all samples indicated essentially intrinsic absorp-
tion at 10.6 um, absorption at other wavelengths were considerably higher than
the intrinsics. Such excess absorption are mainly due to surface absorption

and chemical impurities, which play an important role at low fntrinsic levels.
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At 3.8 um, Rosenstock et al. [99] studied samples procured from a wide variety
of sources and found that the bulk absorption coefficient was 9 x 107" cm™!
and the surface absorption 4 x 1072 cm™!. Rowe and Harrington [100] studied
the temperature dependence of absorption coefficient at 10.6 um, in the tem-
perature range from 100 to 300 K. Combined with the results of Harrington and
Hass [78], they found that the multiphonon theory of McGill and Winston [111]

adequately fit the experimental data.

Figures 15 to 18 are plots of the available data. The pertinent information
of each data set and the corresponding original values are given in Tables
N 23 to 26. In addition, available information and data on the reflectivity
and transmission are also presented in the same manner (in Figures 19 and 20
and Tables 27 to 30) for completeness and comparison. For the visible and

near visible regions, Table 31 gives the spectral positions of the well-known

color centers. Noticeable absorptions are likely to occur at these centers
when the crystal is exposed to ultraviolet, x-ray, or high energy radiation.
However, these absorption bands may disappear at high temperature or by appro-
priate radiation exposure, resulting from the so-called "thermal and optical

beaching."

Recommended room-temperature values given in Table 32 were calculated
according to Eq. (29). In the range between 11 to 23 um, these values are
supported by measurements of Califano et al. [95] and Barker [38]. It appears
that NaCl has high intrinsic absorption in this region. If Eq. (29) holds
in the region <5 um, the intrinsic absorptions in this region are lower than
107" cm. However, like most of optical crystals, one expects to observe an
absorption band in the range between 2.6 to 2.8 um due to the hydroxyl ions
in the crystal. This absorption band can be reduced or eliminated through im-
proved crystal growing techniques. It should be noted that the values in the
"intrinsic" column are the lowest limits that one can obtain for ideal samples.
In practice, the observed values are generally higher than the limiting values

at low absorption levels. Unless values appear in the "observed" column, the

limiting values are considered as guidelines for estimation and investigation.

Although it was not the intention of this study to compile and evaluate

the absorption data in the vacuum ultraviolet region, in order to assist users

to obtain a total picture of the available absorption data, a plot of available
data in this region is given in the Appendix oi this report.
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Figure 15. Absorption Coefficient of Sodium Chloride (Wavenumber Dependence)
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Figure 17. Absorption Coefficient of Sodium Chloride in the Multiphonon Region




TARLE 23,

SOMGRY
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BIS 0N DL ARSORPTION CoiiTICIERT OF s0DIUM CHLOKIDE (Yavenumbur Dopondense)
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.5'~'l Nn.' Author(s) Year Used K..nv;:-;:, R“.z'ng;e. K Specifications and Kerurks

2 - A ——— -

1 91 Roessler, D.M. and 1968 R 5.64x10°-2.1x10" 300 Sinple crystal; obtained from the lHarshaw Cherical Co. or the

Warlwer, W.C. Yeatinglwuse iloetric Corp.; absorptien cocfficivnts durived
{rom a Kramers~Kroniy analysas of the near normal reilection
spectra; data extracted from 3 table.

” 101 Czerny, M. 1930 T 2.1x10%-2.9x10? 2935 Crystal; plate spevimens of thichnosses 8, 14, 19, 24 =m;
transmittances measured; ubsorption -socfficicats Jeduce from
the cxponential decay relatfon; 2ata cextracted fro= 2 tablie;
tomperature not given, 293 K assu-od,

3 101 Czurny, M. 1939 T 6.5%10'~1.54x106" 293 Similar to above cxcept for spoci-ens of varisus thichncuLscs
{rom 20 to 385 mm.

4 102 Carturight, C.H. and 1934 z 9.3x10'-1.36x10° 293 Crystal; thin plate specimen of 60 nm; adsarption cocfficiunts

Czcrny, M, dcduced from transmittance and thickacss measurements; data
extracted from a figure.
S 162 Cartwright, C.H. and 1934 Z 55.7,69.3 293 Similar to above oxcept for speciren of 97 amx thick,
Lzoray, M.

H 102 Cartwright, C.H. 1934 7 4.53x10'-1.37x10° 293 Similar to above except for speciren of 147 mm thick.
Czerny, M.

7 102 Cartwripght, C.H. and 1934 Z 44.7-78.0 293 Similar to ubove except for specimen of 237 mm thick.
Crerny, M

S 102 C.riwright, C.H. and 1934 A 42.8-52.5 293 Similar to above except for speci-an of
Czurny, M.

9 95 Califano, S. and 1958 T 7.14x10°-9.1x10° 293 Crystal; block specimens of 10.532 and 16.77 o extinction
Czerny, M. cocfficicents deternined from transtitiance measurcmaents; data

evatracicd from a figure,

I 36 tarker, A.J. 1672 R 4.4%10°-7.0x10° 300 Synthetice crystaly high purity; tighly poiished ~ coiten of
1-2 rm thick; absorption cocfficivnts dvduved from moasure-
ments of reflectivaty; absorption-cevificiint Jata oxtractod
from a figure.

il 38 borker, A.J, 1972 R 5. 1x167=7.4x10° 615 Similar to abave excopt at a higher to: perature.

i 38 Barier, Ald. 197° R 5.25107-7.78107 775 Sinilar to above cveept at a higher to posainure.

13 38 rarker, AJ. 1972 R 5.4x10°-8.1x16" 935 Similar to ahove cxcept at a higinr to porature.

14 33 Barker, AJ. 1472 R 5.67107~5.6x10" 1105 Molten NaGl spoevimen of 1-2 na thiva; reflo Givity =0 aice
ments corrded ont dn a largddy dnat oS apnarp-
tion coelficionts doduced e redioaiio duser ptaens
cocfficivent data extracted from a fijure; swolting torperaiture
of NaCl is 1074 K.
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TABLE 23, SUMAARY OF MEASURINENTS ON THE ALZO&P I TQN COVIICIELT UF SO CRLORIDL  (Kave oigber Depeudence)  (continued) =

Ref. . R Mcthod wavenusber Temperatur . A T

.\,Lo' Author (s) Year Usajd R:;:f’ (R:xpn;a, ‘L,c Specifications und Renmarks

12 Dcutsch, T.F. 1973 T 5.0x10°~8.5x10" 300 Single crystal; obtained fros Optovac Co.; spevirea of 2.55 en
dianvter and 2.54 ¢m thick; ubsorptioncocfficicnt. ceter—iavad
using a diffcerential technique with a gual-beam spertrophsto-
meter; date extractod from a figure.

77 Tomiki, T., 1974 R 6.37x10%~6.50x10" 10 Sin:le erystal; obtained from tio Harshaw Cherical Co.; she-
Miyata, T., and sorption cocificivits deducod from reflicction spectra: duta
Tsukaroto, H. extracted frem a figure.

93 Txezawa, M. and 1973 R 9.3x10'+1.6x10% 1.8 Sincle crystal; grown from pure synthesized pewders distilled
in vacuum und zoned refined in a quartz tube in chluervine gas;
cleaved} grometry not specificd; data taken from a curve,

42 Owens, J. 1969 T 0.31-4.0 298 Single crystal; obtained from the Harshaw Chenlfcal Co.:
cylinder shaped spocimeny filled resonant cavity methad n-ed
for mcasuring dieclectric constant and loss tangent; wbooip-
tion cocfficicnt then determincd; data extracted from a
figure.

93 Kobayashi, K. and 1960 R 4,3x10°~5.83x10"° 285 Single crystal; grown by vacuum distillation; cleaved sjpeci-
Toniki, T. mens of 0.06-1.0 mm thick; absorption cocfficients reasurdd

with a vacuum ultraviolet spictrophotars toer; data eatractad
from a figurce.

97 Hass, M., Duvison, 1975 [ 9434 298 Single crystal; obtuined {rom the Harshaw Chemical Co.; rec-
J.¥., Roscastock, cangulur parallelepiped specimen of 1.2 ¢m x 3.3 cm x 10.3 cug
H.B. uud Babiskin, J. lascr valorimetric method used uad the therma! rise curve ob-

tafoed; bulk ubsorption coefficient determined {rom the
initfal slope of the curve.

98 Allen, S.D. and 1978 [ 943.4,1079 298 Sinnle crystal; produced by reactive-slmospiete-processs
Rurcington, J.A. saaples sectioued from a given boule; calurimetrie mothod

usved and tota) ubsorprion determined; duta extracted from o
table.

98 Allen, $.D. nd 1978 c 943.4-357) 298 Samc s above but for a sample from other secticu of the
flarrington, J.A. boule.

98 Allen, S$.D. and 1978 c 943.4,1079 298 Same as above.
arriaston, J.A.

98 Allen, S.D. and 1978 C 943.4-357) 298 Same as sbove,
ilarrinpton, J.A.

104 harrington, J.A., 1976 [ 449-879 300 Stngle erystal; obtuiucd from the MHarshaw Chemicad Co.p expoe-
puthler, C.J., Tatteon, facntal dotails not given; duta extracivd from o {ipure,

F.V, aud llass, M.
104 Horrington, J.A, 1976 Cc 413-713 50 Same as above.
et al.
~
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TABLE 23.

SUMMARY OF MEASUREMENYS ON THE ABSORPTION COEFFICIENT OF SODIUM CHLORIDE (Wavenumber Dependence)  (continued)

Coyei - — i wax vy i e s R e o e b v S ———
Ref. Method Temperature .
i:t o Asthor(s) Year Used Rz:gf. R._unge, ; Specifications uad Rerurks
27 34 Miyata, T. and 1567 2z 6.07%10%-6.36x10" 10 Single crystal; obtained frem the Harch-w Cherical Co. and
Tomiki, T. also prepsred by a chemical reaction and purificd by vaccuz
distillation and followod by zoue =el 5 in chlorine atmos-
phere; specinens tleaved from ingots zone refined many cycles;
dimension of speciren § mm x 10 =2 x 0.2°<% =m; thiuner speci-
aens of 0,08 mm prepsred by melting and prussing small
pieces zone refined crystals between two purullel glassy
carbon plates in vacuum; trunsaf{ssion und refleccion weasured
with uv spectrophotometer; sbsorption coeificients then de-
duced; data extracted from a figure,
28 94 Miyata, T. and 1967 Z 5.10x10"~6.36x10" 18 Same as above.
Temikt, T.
29 94 Miyara, T. and 1967 z 5.87x10"-6.33x)0" 70 Same as above.
Tomiki, T.
30 94 Miyats, T. and 1967 zZ 4.96x10°-6.12x10"° 95 Same as above.
Tom.kt, T.
31 94 Miy.ta, T. and 1967 z 5.58x10"-6.30x10" 95 Same as sbove.
Tomiki, T.
32 94 Miyata, T. and 1967 z 5.99x10"-6.13x10"° 195 Same as atove.
Teniki, T.
13 94  Miyata, T. and 1967 z 5.64x10"-5.98x10" 298 Same as above.
Tomiki, T.
34 9% and 1967 z 4.95x10%-5.99x10* 298 Same as above.
35 94 Miyate, T. and 1967 2 5.39%x10%-5.74x10" 473 Sume as above.
Tomiki, T.
36 94 Sityata, T. and 1967 r4 4.84x10"%=5.74x10" 473 Same as above.
Toniki, T,
37 94 Miyata, T. uad 1%67 z 5.19x10%-5.60x.0" 573. Same as ubove.
Te dad, T,
38 %4 Miyata, T. and 1967 z 4.83x10"~5.60xi0" 573 Same as above.
Toaiki, T.
33 23 Geazal, L., iapp, ., 1659 T 3.2-33 298 Crystal; plane parallel viote spociocis of 1007, 5.0,
.ind Weber, R. and 47.3 wm tadck; cdsasion tnured g2 Wb "
coef ficivnt delermined; data oxtracied orem o
40 105 Gaick, R. 1962 z 149-181 298 Evaporated NuCl {1lm of 10 ym thicks s.agles put in ot
for & woeoks before wee: absorption coefficicat dete
from reflectivity and transnissfca reusuriniuts; d:ty ox-
tracted feom a {igure.
AY
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TABLE 23. SUMMARY OF MEASUREMENTS ON THE ABSURPTION COZFFICIENT OF SODIUM CHLORIDE (Wavenumber Depeadence) (continued)
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Specifications und Remarks

R .

Similar to above except for thin specimen shaved from the

Natural Na€l crystal; thin plute spocirmeans of 21.5 to la7
thick; absurptfon coefficicnts dotermined from the transzis-
sion mcusurement; data extracted from a table.

Single crystal; plate specimen of 150 ma thicx; absorption
coeificicnt determined from transaission acusurercuts; data

Nutural crystal; plate specimens of 12 and 18 = thick;
absorption coefficient determined from transmission rcusure-
meut; data extracted from a table.

Single crystals; obtuined from the Naval Rescarch Lab., the
Huorshaw Chemical Co., und the Ruytheon Corp.; nechanically
polishod und chemically cleuned with spectrogrude CCl,; luser
calorinctric method uscd; data extructed from a tablie; it was
found that the surface absorption was about 45 times higher

imber
Mechod Temperature
Author(s) Year Used Rj:g?, Range, K

Geick, R. 1962 2 60-143 298

bulk.
Cartwright, C.H. and 1933 2 83-143 298
Czerny, M.
Ditsch, H. and 1964 T 3.2-11 300
Happ, H.

extracted from a figure.
D3tect, H. and 1964 T 3.3-8.2 360 Same as above.
Eapp, H.
Dotsch, H. and 1964 T 3.3-8.2 280 Same as above.
Happ, H.
D3ssch, H. and 1964 T 3.3-8.2 200 Szame as above.
Happ, H.
D3tsch, H. and 1964 T 3.3-8.2 120 Sume as above.
Happ, H.
Dotsch, H. and 1964 T 3.3-8.2 80 Sume as above.
Happ, H.
Dianov, E.M. and 1966 T 5 298
Irisova, N.A.
Rosenstack, H.B., 1976 [o4 2631.6 298
Gregory, D.A., and
Harringtoa, J.A.

than the bulk absorption.

]




deo37:03 3.352C¢5
2.805:¢5 leewl il
. -
é

well?cetS
a2 37205

..
2e07itv>
5.373ce5

Sefiec s

eslic®d 0e0lI b3

Del3ec s
Be3letd

U

0e837c9>
6.822c¢5

~— =

TABLE 24.

-1

EXPERIMENTAL DATA 0.0 THI ABSORPTION COEFFICIENT OF SODIUM CHLORIDE (Wavenumber Depeidence)

(Wavenumber, v, ¢n”'; Tecperature, T, K; Absorptios Coefficient, a, ca” ')

v %
JAYa 38T €30V 1)

1e3912¢3 6.35u ¢3
Le573z¢3 boliot s
2wD032¢5 5439u1 43
Leoo0i*D S5.072t¢5
leuwd_*h) Hauelcts
lezesd¢5 ST ¢35
e3lei*3 pLdilied
e2L0_%5 besTaies
a5.8I¢5 64,2730 45
ieToe®5 £.5370 3
Le3lu%5 bl502i%3
aewdnntd BI2DL S
Lewl

o

.-

5 sellolts
sevnlzed b.ud7EtS
20432 #5 Dawcoc ¥
3
5

2e3ivt ¢S5
54320 *5
5.90.215
6,228 45
D37t 43
Be3 35
QeviLztd
Gewdizt3
be3oezes
bewle *>
sat 7L ¢35
7ou33c3
Toldactss
7.55o0 ¢35
BenllLes
84394t ¢35
Ge2udtt3
Q.3 300
e3¢5
Leulit to
Leadwct3 leysicea
lel35z¢5 2.2i7z0>
lel8.2¢3 lolelito
aealTle5 1.15%E¢0
14173503 1416000

Dafa <=

P

lLelb9E"
lelnSie

[T TVIRR TV IRT T CRC TR VIS VIRE VAT RRVERC R

i
LelenE e
Leunbits
LeleoEt3S
levinits
lewdeies

. 339204
72350~
9,677y
9.937c*

9.5icith
G.e33ies
9.335E 00
9e I35 ¢
9.3.5204
Go2Twitn
Qe INErl
FalFeita
9.1530 ¢
G l13E¢h

2UCouTa

Fe8iwies
Fe35«E*S

e d7Z0t
J.1ELERS
G2wEES
Fe2iLE®D
3.0332¢35
Leliniet
ST A4 1)
levcitteE
1.0c3E%6
iesLosito
leloicté
leviHERs
3.037E05
F.6.TE®S
3.527E¢3
9e567C%5
L.l cE*6
1.051E%€
1eil3208
leghlitve
1.323E¢5
1.381E¢6
2.333E45
L.4iSECE
1.397E+6

v
JATA SET

Q.07 3000
Jeuvdlete
3.%52c 04
3,871k ¢
2oLty
wSedfes
Jeudiz e
Aab27k 04
3,387E ¢
Y2474
Beild5zty
Belesrte
84213206
8e.a3cta
4 ALY
Teluw2ctn
Ta591dea
Tebl9t ey
SBEew
Tell7t0n
Telilztw
Teudoits
ity
336E 40
6e335c ¢
BeBiftte
S5e776Eth
Ballucts
LY-FIYR 2
Ge€a3L by

eSL3ESh
GaZ VIl tn
Be5T2c 00
Bed.tztw
Heddzoth
Seb76C e
Boewd2L e
BewISE e
Bewilctsy
5.235E 0%

a
1ICONT

1235708
ie3L5EeE
1el7uctE
Leu37tes
BebinctS
Eevibied
Seniined
5.7.%+5
S5e34lte5
0.1 86Ee5
Tellices
Telzlreb
Teédotes

ssSp 5
6eG50ES
bsoloz ¢S
EenGcies
Sed74EeS
SenTllt5
3321645
Se35Lte5
5e2320%5
Seluites
5eudBi¢5
4e39905¢5
Le307: 05
“e337Ce5
“edioted
“e879:2¢5
“eBu9z05
L.336ke5
5+30GE¢5
6. TwT®5
6a531l0 83
Tezoliced
deuSbiers
te916E¢5
Q.5635¢5
ieu 36206
1.493E¢6

v P
DATA SZT 1(CONT )

«7iz & Lal45z¢8
Bel355Lta lelbdbcto
2e33icts lelB52%0
te3iSztn 1.183:: 0
©e23,cte Le3ll3zen
Ee279cts 1elilctc
Be233E ¢4 1eJu5ivo
Ge2iwite Ze8732 45
beciitele 8.393ce5
Deloz vy 4ed7wec e
Belc3ith 2oz e>
CeddGcty Cruooi ¢S
Bollzvy L.E7i¢5
Bevi3Zoe 1.353£95
5.%082¢4 112553
56337tk 640532 00
5¢3.0c%% 3,068 0e
S.€uSEeh T.0%eC ol

SATA 32T 2
T = &33.,

Ce857¢€42 v.2l~Ie
2el732¢2 Tenl3i4:
Qe7ul3i®2 14255045
fet32Et2 20053143
ZeS54292 1463303
Codudn®l deadnitl
2.439z¢2 2e1e52 3
ce326b¢¢ Zend~y el
Cel?hcr2 Jel30c el

JATA 5:7 3
T 3 233549

1.531292 5,368 ¢2
10422E92 wewbdS3ie2
143642¢2 1.3372¢2
8.37%c el 5.2%13i¢1

ledo.otc 2.230242
leu32242 1473302
Lecedite laewdife?
levafzbe 20272262
JecC720i Leno2eZ
3.3332¢L denwdczel

JATA 3ET &
I = 233.¢

0e33 bl Se7i32vl
Fe37~50L 4aloelel

J~TA SET o
I = Z93ew

becwzztl

PRYN A 54

Leavant
lLeo73ct2
PR P
Leonizt? -
1z
ez
&
YR
v.i-TE
Aaoowa bl
7.3380e0
coeslot®l

€.22icel
Newdac )
Seatoctl 3e8.7ce)
+42320 %1 &ewa0Etl

601




Y a
asfs 3:=7 7

T = ¢33.3
Teldez®s Ta3liozel
£+3530 %5 BesidTAL
oela3iti dewslzel
S.31.3%L TeDviZel
BeJumzvs Je3ILENL
wew/ BT ®L 2eTinEel

Se2inzts 34730302
Lal?53101 34373801
wel861%2 2e22i242

0aTa 327 9
T 2 2330

T.T532¢E ZablskE-
Tois3svc BeILBE-2

be3Tubte Lol
Det3Lite Zesisc-l
6s30uieé SeFivc-l
Dabdvz?d NDeavasi=l
2edwlite Feouin-l
~ein.Itl Ledllcte

S.wleztd el oazte

Z.2mui¥d Zewsszite
Seabwzti éos7anvi
Seedic®d Jeeliitl
Wl aui®2 weyleEty
veBeni®l wenoitts
we?242%2 5e2952%
heBILI®2 Ba2L.100

o —

AT se7

“e33.ct2
Hawelovl

JaTa SeT
T = €E.5.0

cednd.*2
boipsst?
S.354E¢2
3e7ucz?2
Sececit2
34330242
devbor 2
Se3acntl
S5ec3szt2
Seideitl

JATA SET
T = 7750

705,02
Te3nunt2
Tesoui®2
oe70ic el
vesouz 2
Be33ucte
0«llec b
SeYe.ct
Sedwicel
Se7%u2¢2
Seowsitd
3e53ui 2
Sev3ucel
5.330€¢2
5s250c¢2

2w {LONT S

7Taéaictd
se03.k 4]

i1

Le5uvE-l
2e8lut=1
5.145E=2
Tebyooa=i
Leunchty
LT X
226043
ZedbLrty
J. 5608 ¢)
4e2duitd
weduiEry
Se7uilbed
©ed9ut i
8.33.E¢3

p ¥4

2evick-1
32kl
Seluatb=l
BesluE~l
115t 9
Le0l.E%y
2e2unird
JeuGltry
Jesugr ¢

~6.E*0
w3 NESS
5.8200¢0
©.95lk 0
B.2530 43
Fewioctd

DATA S=T 313
T = 935410

deu7iLite LenluE-l
Te7o,2¢2 Caoevt=d
Toeubli*2 Lellui=l
7.1BCE*Z He7 CE-2
aedaci®*2 1.i00c¢C
6e6TLEP2 LavwivErl
Be~wTLE?2 seBuubel
6.20LE02 2.510E00
Geuwouitl 3.230E¢0
50950202 3.98,E%0
Se3uwlE®2 o590l
SeT7wCE¢2 54330E¢D
2 6.320E4C
2 T.u50E0C
Sew3iEr2 el BIECL

0ATA SIT &
T = 113540

Be57CE®2 Lob{oE~2
Becbuield 241i3E"1
7.9745¢2 3.2viE-d
7e63,2¢2 FeiLdE-l
7.37uEve T.€20E-1
TououE®2 La2202¢(
6eB7LEFL Le5idErY
6.67LEP2 240.230E0L
Dew7LES 24T30ECE
6e2602¢2 3e6)EN
belSLEY2 weT7GJECL
5495LE 02 S54850ECL
5486LE*2 bevBoEti
Se7wit2 T.830E¢C
5,64LE42 94526208

0ATA ScT 15
T = 3desd

84521602 4.6LJE-3

Dara SET

el diee2
Te5,8c¢2
5+335£¢2
64510842
de. 2942
Se510L 2
5e010cE¢2

JAT4 st

T 2 dces

6a032E Y
BaedJE b
B.433E 04
GoaTE by
Bet3Sc by
G258 ¢y
Bawilite
BowuEE ty
6,333E 0w
b.3bbith
64373E ¢

o4TA SeT
T = 1.8

sebuLER
1,534k ¢2
1e570EC2
Le55LE*2
3.53uE¥e
LeS2(Ee2
3e5.iE 02
te03yEe
letdibeez
lebajE®R
LeeSLEre
Lebenycee
1,33GE¢2
Le37GE2

a
15(CONT &}

Lenurimi
ceidie=2
1e.%1c=1
2alwiE-l
S5e70dC"2%
14290ty
Ze3uGESG

i6

leu4lErE
3.330E¢5
1e136E¢¢
le056E¢8
Cecnnwitd
2.773E+6
3.185E¢5
3.236k%5
1.766E+5
JewluEth
1e722E44

b4

1.udiErl
6autleti
Senclcel
54u35E¢0
34396z 08
ZeB3BECL
20758t
2.773E+0
2,8538%0
3ea9cEl
3.224E¢
TeaE00
1.429E¢6
1.327E¢8

R1DE (Waveuumber Dependence)

v 2
DATA 32T 17(CINT.)

L.3plce
14353204
ie3edz2
14330z Ta2i%c=2
14323642 7.178c-2
2e29JE¢2 7.780:-1
L ETHE®R 9.375z-~2
Led24c v 8433283
Leduwucel 975422
1.2332¢2 14072=9C
1eiéyred Lleuvlcti
iedudcel 6.383Z-.
ie13)E*2 BaublE~d
1elduct2 5.963c=i
1.170c*2
1.10JE¢e
2e155c¢2
Le1u3202
iedwuct 3ab50r-l
1.390202 3,396:-2
1.03uE®e 3e2iec-
leu7idc el
1.d30k¢2
1.333e%2 2430372
9430 E¢1 1,109e-2

DATA SET 18
T = 298,

holdSOE®Y 24138c-3
1.2+7E¢9 5.916c=4
3.390e=1 l.422E-

DATA SIT 19
T 3 285.0

5.335z¢% 1.5812¢28
348150 % L.LB2EL
S5e798204 TL77,5 08
5.782E¢6 6.1L(E0

{continued)

v a
JATA >i¥ 13(CCnT.)

3.77wite w.310E¢0
2e700Lte Ja0iectd
3,75Jdcvis 3.52uc s
3,702z 3e03uE)d
3.73¢z%% 2+63.c¢)
5e07TEts 2evnwni®d
Se053ctw Cauvwvi )
Sen50cts Lati.ced
Sevestte dewiin ¥l
Sevllcte avlunz s
34373846 sviavi®d
Sed23E%e Lel.did
540582 %% asliuivu
Se07l2¢w 2e23vi0Q

§ c

bed73E%e weSuic~l
wed.cobe &aGaE-l
“el53500 &43ilc=)
WeD3ic e weiLbZed
Wowélzte Jsluvc=l
“ediscte leduvE=d

gara SEr <t
T = 293.¢

Jen3act3 7 iuli=d

JaTh €T 21
T a2 233.v

Lev 73243 Centbi=s
Goe3uit2 leduvE=d

JATA SET &2
T = 238,40

$eB72E¢3 Fe8uui=S

ort



TABLE 24.

3 a
S408 LT 221ty
2.632:¢3 3,3.3E~-5

L B8B7E+3 3.15)E-5
1e.7G24¢3 340uli-w

JelWive LaduiE~d
JATL 327 23
T = 233,39

1073243 wullic-h
Qeu3wzt2 1.vive=3

i

ceJlal~5
0e5.1i~5
3e9.4z~3
Seduec~w
Lekouc~3

wonIuie2
~e7Fuite

Cedlutl
Taliui®l
To27 202
7.57,202 243.,6=¢
Telb0Z¢¢ 14733c-2

Y

Jafa ser

7.3%ace2
deibuct
3354202
Ke3v. Ll
Be¥3.C82

“wsoictd
wedldct
wel.dt2
w 79,82
+e33,C02
EXS- T ¥4
533 .02
S.29.042
5e570L2¢2
527y 24l
vel7.z%¢
3.770z¢é
Ze90uz2

035,002
0a23.002
oe7 ol
Be0uictl
6eddot
beld,c¢2
Teiluce2
JaTA SET
T =2

BeulT3IEes

0el37c¢s
Deludith

[¢3

25(CC0nuT o8

Je25vE®d
Ze32u e
ae7nlC ey
le20ui%]
leuiviEed
7T.60.t-1

feBiui=2
3.70:E-2
2e30vi=2
E.2%e=2
Lesdit=2

ie2i,r-2

27

Le33ub ]
Led3uc el
LeludEed

v

OuTa ScT

6e%b6lE 0y
5.16GT ¢y
[y I
Ceciinen
Dellat vy
Oeliivs
Eel38I 04
64282 ¢n
be262E 0
62955 vk
Be3isdtw
Be3i3Cen
6e3325¢0
6.3+7E 00
6. "55E¢m

JATA 5.7
T = 13,

Seiviits
S.1€9I ¢
5..85E+4
5 331d¢y
2438710
5.5975 04
Seoubity
Selultes
Selo3ire
Se8ctr ey
50355200
Se079.¢4
Bevuwctl
Bab3lien
OavIiEtw
b.illive
Bed3Tiew
6saviitie
6e2ulct4
©.218z%w
6,234200

a

27(CONT )

2.19cE¢ L
2.ebCEYG
Jaici€eu
Secidiel
4eZiuity
W9 0Evt
Bediubel
8.33GZ¢2
L.G50Eey
Le93uEt)
2o TGIe2
2eFwlErL
4evldEPL
5.,913E¢1
9.7:0E¢2

28

1elivied
Lel20E0D
2.5 3uEN]
54683240
BeckIT*
Se750Ety
weZCIECC
2e322E4]
2eTebi*d
2.150E¢(
L1e53JE¢C
LetZEey
LetedEsy
QeniucEty
TelGuiel
“s3Tu i ®,
SenTlEL
Te72uErL
levidcel
SeciuEel
1.370€+1

Y

3aTa SiT

62060ty
S.242E1
Gallicts
TT36 4w

R Y

oo

SuTa se7
T = 70.¢
5 S5Eeu
) G
Y ittty
) Icta
& TE 6
o St te
& ibte
B Iz en
) Sctl
5

Davuirtt
Braatte
54871C ¢
2e871i%n
6e33L€E4%4
He331E 4
6e331Eva

4e300C¢n
LeSpit ¢l
SeuT3E ¢
Sel29Z ¢
Seil7ive
Secilion
5e200E ¢t
54337800
5.5832 ¢4
SetuSEre

EXPERIMENTAL DATA OX THE ABSORPTION COEFFICIENT CF SUDIUM CHLORIDE (Wavenumber Dependence)

a

28(C0NT W)

ContLlel
SeudiLEel
heicubel
S J7LESL
Le370E02

<9

JaTllrel
Jeounity
JeuGiEty
3.33LE¢0
Z2.360E07
Cen5SCEsl
ZowSurtd
2e~5LE0C
Zesunity

Gevecwiwl
FevlLE~2
DecIlE~L
Seulri~§
1.72GE¢2
1e27vkr2
Je0SLte2

3¢

3.85,c=8
Je93ILi-l
1edcetl
1.33LEeL
2e39(E*D
3.370c¢l
wecdubel
BeowLEri
S.75(E¢D
wa53.E40

v a
QTR SET 3wtLant.?

Se762Eel 2.910c ¢l
5.758c¢% 2800z
5.738c %% 2,150 %0
S.855: ¢4 1.5¢%0c 0,
5a8732%0 Lloulic el
Bayudote 1e004c .
B,J73E%s 2,060y
ba3B8lete 3e29uC 00
Bal21Etw o9z 00

DATA SET 32
T = 3%

S.53Ccet SaT5.¢0
Selu2bo 3.350c b
Se738r 0w .27z,
SeBLSE*w Jeliblcrs
535544 Ze9Iu3 00
S.87¢Csrt 2olcuzr.
Se3oldite Cewlizty
BesdvT te 2,263 ¢s
HoJ32E¢4 2,260,
QeiEntd Cawsucty
Bell2lcth S5.%L.z el
BeluSCet 770zl
6e2ulite le0acts
GeZ2Ll8i¢s Lu3Tucel
Ga23uite 24530241
6a.242ctb 2,362 012
SeidlEi
0e2c i te
6e270r b
Be293c 0t B8.970% 01
6e29Biee S.09uc el
6a3ibrei L.5502¢2

QATA SET 32
T = 19683

5499284k 2.225c 0

{continued)

JaTa >el

Seuluces
Doenudcte
S.lioi¢n
Qeuw3lite
BoviaLitw
Ceuvorty
Dev DLt
Deu DIz tl
Deul3Ew
Qevdiiee
[ TPEEIX L]
De. 37t
Genalite
Cealiilew
oellliew
LIPS IR

JaTa s:v7

T = &93e0

J.02c0 ¢
Salwlcte
FedGocte
2e8230 ¢
S5.3552 08
2.37 500
3.337:204
Se3uives
Se3cTien
Seduerte
Sect.cte
SeF0uz b
3373t
EXR LI
Sedd6res
Seddelty

321ConTed

Ze4liEed
coluridd
Z.9102¢C
Teldutes
Je5nvcre
besdll¢d
Sed3t.cvi
cel3ui ¢l
Te9ivield
Ge 0. L4
2ed5wc P2
Setwontly
T.ebaTel
w.0.cEed
€.200iL9%2

aeliCied

33

Led3ui-l
decici=d
leboocte
bed. .20
Se3zaced
Lelnuiel
iePao.i tl

Erdzuiel
bedwuirl
Toe~T ol
Qe e
ie0luz¥2
dellui*2

Le853.E02
J.22oce2
hol3UE2

m



~e 732
“e9rZ2ith
boF3uc el

«3ocs s
Tidw

FURARCAEC I VT IC IR VI VAR NV IR o

ol3i2e b
o721 00
PV T
e853I 0
«87iztw
T T
e37 3t
«39520.
«3272 0
«Geaiets
DE PP 1)
PEL TR LY
-1 FrS
e I3biel
«376 0
93220

[YORV RV NONTRNURN VN VRY ARV

IRV RV

[
.

JaTa SIT
T 2 W13,

5.335z 06

e e e - —_—_

TA3LE 2.

2.83)2902
3.93,502
fe353E02

35

2.9bui=3

v a

CaTa SET 35(C0MT.)

Seveety
DevToltl
5e232Z 0%
5e500c*k
5597 ¢l
5.6.3

7eule

Le328

Senliiel Zao3 L0l
SedBuiet
bealun el
B.2ueitl
LawiuEe2
1e530Ee2
heZbUL 2

Je301lc v
deu3lcty
Deci7ztle
2.635C b
Se?lleti
SelTw2i¢h

ST 3o

~edwloth Gewolf-l
Geab, E¢T
LPendui el
Jeucdced
wel3 i)

wedwli th
wedilzes
Seadditie
Seilluts

5e38.2-1
lelolie]
Lowbub #d
[ X
Lebil bl

(328

Se232c¢h 5.55.8¢0

EPR T PR
FREYA TR I
Gedvucte
5035500k
545832 ¢
Seti3c00
Fe055s 00
30534
2009z ¢b
Se085coh
Selulite

J4ATA 3cT 37
T 3 573.

Sel9uctie 2.46)E-L

R

©.l3utrd
Ceuauktl
8.832E40
lestobel
Le9ucEel
Zeduet el
5437t ¢l
Deviviel
8.33.20L
letllie2
Leo3ut e
SeTwlr bl ol lEe2

v

0ATA ST

Sec b tn
2.2Thivn
5.298Z ¢4
5.339E b
343087000
Sevnbite
SeubBuivs
Se532ctw
Se5nBE+s
Se537C ¢w

OATA SeT
T = 573,

L.B3LZel
GeBaTEtn
#e 9302t
S.03cErh
5.137€¢0
Seidicth
543397 ¢
34387204
Seiannt el
Sew0buith
EXY LYY
5.53¢cEry
Se55ctrt
5.597E¢s

J4ATA ST
T =

3.311E%
24431802
2.24cC 2
2.432E1
14321E%
leo0blZel
L.637EL
1.337€¢1

293.¢t

a

37(CONT .}

JecivE=-L
LevdliEl
1.28uErC
2.56JE¢G
8olucel
2.37CF¢1
Le3BSESL
se23uie2
lebbYie2
welluEe2

38

leleuEel
Le233E4K
2.4 53E¢D
3.3GuC¢(
N S T ]
Geibkilty
3453248
lelbul®l
24583801
weslBufel
Le735E0L
2e23GE®2
1.633E¢2
WaGBLE#Z

33

1,23E¢1
7.853E¢%
6.537E¢]
SeT16Ery
“eB6IECT
3.653E¢§
2.780E¢t
2.670E%L

v &2

JATA SET 33UCCNT.)

1ec33c¢l Caatblity
1e1232t1 L1odalicte
locuBbei 1.253E%6
F.L91E¢] 1.48uE00
Beuu3Ery 3.356E-1
T.talke0 5.378E~-1
6,323E+y 4,521E~1
5.537E %4 3.619E=1
“.095E¢0 2.578E=1
3e3oatty 2.228E-1
3.1558 00 1.312E~2

0ATA SET &§
T = z38.4

Li.0i8c%2 5.39.E¢3
1,786E%2 1,055E¢e
1.750E42 1alEeErl
1,726E42 1.3ucCEr4
1ev33E+0 Loewdicte
Le€a7c+2 1457304~
1639292 1.3378%4
L.612502 To216E¢3
16637642 haudGEed
1.503E42 24632543
1.533E%2 1.08cE¢3
Le515E %2 1.2.9£¢3
1.033£42 9.0L3Ee2

QATA SET w1
T = 29A8.C

1.0629ce2
1.38GE2
1:351€E92
1.3160¢2

4o 542Ee 2
3. 4621€¢2
2. 560E42
2.483E¢2
10232c¢2 le8L4ES2
Le250E12 1.57.E02
1e220E+2 1o92(E02
Le350E*2 1.287E2

EXPERIMENTAL DATA ON THE ABSORPTION COEFFICIENT OF SODIUM CHLORIDE (Wavenumber Dependence)

v

SATA 3eT
ssaninel
eeadtiel
LeillE el
1038702
Ledobce2
leuwici el
leliw. 82
ieduozel
G. 3,924
Je€25ze1
Fee3nc tL
G.253¢2
Jad9iiel
8.3c%ce}
877281
B.02i2¢5
Bou75c 1
8.333E01
8,.97:0.
bedoliel
7e¢337c02
7.823808
Te€922¢2
7.570d¢2
Tehd3iel
7.353ce)
724682
Talwlge:
Tedule ey
DeTuweiel
6.363c0%
6e757E802
beboTE L
te579¢E ¢y
[ XLEIENSS
Genliits
6.326c 01
625,003
6.173c¢1
64098Ce2

T

$1(C04T.)

Leulei ¢
Jed33c el
Gewiszes
Sellucel
6e7308 ¢l
8.5.ic e
8,327
dei8uEel
8ev 23z 02
7397202
7e85uz ¢}
Te823z 04
Te6325¢1
T.€E82 02
7665201
7.519E e,
Tob32z 0,
TewB ozl
7.3¢3z02
Tedbuiel
Tedosriol
Tedi3zel
0.338c
60725005
bed352z 62
6437200
6ei90i 0l
G.0ch2 02
SeJuvc i
S5e781c s
5e6éés ¢l
S.ub7c el
S¢3173 02
S5e2w5: 0l
Selloc et
we JO5Z ¢
Lo CTECL

(coutinuvce)

v [+
JATA SEF «i(CONT L)
De,2%E#2 wolo3iel

JATa €T «2
T = 298.3

Leld3Ee
ae37Gc0c
1333202
i.231z02
aecDvr 2
2eaTeEe2
dellicee

3ec31Ee2
cabadf &2
&e el
Leb37Ce2
+s00DL 8L
Lekibee2
seledye2
Leu53c4e lelchie2
secwubte LolnwlCe2
Feo2<L®l Seciviel
Joudietl Se139:Ze}
8.0Cac ¢l CoT7w2iel
8.333cel 8.378cel

JATA 3¢T &3
 E N YY)

3.23€c¢
*edlocte
S.370c ¢y
Bee52EMY
Te519c+0
Ge02.E %
Geluwicty
leudZeel

Te2228-2
ledvdie)
Ceadbieg
3.2728-1
“e8Lit~l
betdif~t
Seldate=l
SelelE el

JATA SiT b
T = 36d.0

Ja3u2i0d
weshbEed
os0dic ty
delibrel

8.458:~-2
2eUl5E~1
3N SE-)
€4351E=2

(481




v a

AATA 5cT «3
T = ¢dean

Pidaied
Cedelz¥. cealwi=l

844952¢, 3.dl0c-1

alm 37 o7

Setlatee
“e? =2
lew?Vce=-2
Le950c-i

“3

seal3z2-l
2eIr,i"2
Ceuter=2

Bald%ctL weined=i

LATL 527 e
T2 Z29%.

S5.3.uie, 1.822¢=2

e g

TABLE 24.

EXPERIMENTAL DATA ON THE ABSORPTION COEFFICIENT OF SODIUM CHLORIDE (Wavenumber Dependence)

o — - e e - ——

{continued)

(441



114

: I T ]
:
103 -
s .
B
102 ~
Data .
Set No. Symbol vy, cm ! Ref. 7]
1 0 3.125E+1  [43] j

3 2 e 2.000E+1  [43)

g ) 3 A 9.804E+0  [43]
.10 4 4+ 9.434E+2  [78]
= 5 X  B.621E+0 [107]
-t 6 o 7.519E40 [107] A
it 7 4+  6.452E40 {107] j

hol 8 b4 5,376E+0 [107)
3 9 Z  4.310E+0 [107)

© 10 Y 3,236E40 [107)
§ 107 11 9.43uE+2 [100] -
- 3
& ]
2 4
ﬁ n
[ 107! -
) ]
: e
! .

]
1072 -
f ]
} 4
e |
10-3 L L 1 R SR | L 1 T A
2 3
10! 10 10
Temperature, K
Figure 18, Absorption Coefficient of Sodium Chloride (Temperature Dependence)




TABLE 25,  SUMMARY OF MEASUREMENTS ON 1HE ABSORPTION COLFFICIENT OF SORILM CELOKIDL (Termperature Dependoncy)

LT TR mmmmemen e e erT L T e e
Ref. Method M Temperature L SN
?cl‘. Yo. Author(s) Year Used n.ms(‘, Ras e, K Specifications und Romoras
. cn - - [ e e
1 43 Stolen, R. and 1965 T 31.25 96-402 High purity; single crystal; grown by the Bridgran method; plate
Dransfeld, K. specimens of thickness from 0.5 to 25.0 mam; absocpeion coefiicivents
directly determined; data extracted from a figur..
2 43 Stolen, R. and 1965 T 20 $6-402 Same as above.
Dransfeld, K.
3 43 Stolen, R. and 1965 T 9.804 9¢-402 Same as above.
Oransfeld, K.
4 72 Marrington, J.A. and 1973 4 943.4 304-1035 Sinnle erystal; syecimen with aurfaces —echnnically nd then cheri-
Hass, M. cally polished; absorption cocfficicnts ¢ red by calarinetrie
mcthod using a CJ; lascr source; data extrac*ed from a figure.
5 107 Ditsch, R, and 1964 T 8.62 80-297 Single crystal; plate specimen of 150 mm thick; absorption cocffi-
Hepp, H. civats determined from trunsmission rousurizents) dulu eniracted
from a figure.
4 167 Diitsch, H. and 1564 T 7.52 80-297 Sume i8 sbove.
upp, He
7 107 Dotsch, N. und 1964 T 6.45 80-297 Same as qbove,
flapp, H.
8 207 botsch, H. and 1964 T 5.38 80-297 Sume as above.
Hapn, H.
9 ie? Dotsch, H. and 1964 T 4.21 80-297 Sume us uadbove.
Happ, H.
10 107 Dotsch, H. und 3964 T 3.24 30-297 Sume as above.
Happ, 1.
11 100 Rowe, J.M. and 1976 c 943.4 100-300 Sinple crystalss prown by the reactive-als dsphcfospracess; oblaiadd
flarrington, J.A, from the Navo) Rescarch Liub.; rod specimens of 2.5 en d Ster e of
various leoaths; chemically ctched surface; bulk Gbuerptica dotvrafuddg
data extracted from a firurc; data at low temperature carried lurge
vncertainty of 10075 uucertainty diminished toward higher temgice-
atures.
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Figure 19. Reflectivity of Sodium Chloride
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Specifications and Rerarks

Crystul; plate specimen; normal spectral refleczivity obtained;
silver mirror usced as refercnce; data extracted from u figure;

Crystal; nlate spec.men of about 30 x 40 mml; polished top surface;
normal spectral reflectivity obtained with a silver mirror as refer-
ence; data extrwcted from a figure; tcmperature not given, 293 K

Bulk NaCl; surface conditions unspecificé; near rormal refleztivities
obtained; linearly averaged values of the tiabulatod data extracted.

Single crystal; specimen vith clcaved surface; back surface of the
specimen treated with an emery cloth to reduce the reflection from
the back; ncar normal reflectivity obtained with specimen in vacuus;

Same as above except at a lov tcmperature.

Single crystal; obtained from the Harshaw Chemical Co. or grown by
zone refined from melt; cleaved specimens of 8 mn x 10 =a x 0.2-4 mm;
near normal reflectivity mcasured by an ultra violet spectrophoto-

Synthetic crystal; plate specimen of 5 ¢m thick; ground and polishaed
to a flatness of seven fringes or better on both sides; incident

TABLE 27, SUMMARY OF MEASUREMEZNTS ON THE REFLECTIVITY OF SODIUM CHLCRIDE
‘5‘;::"1!;‘5. .,- roeter ve Method Waveleng-th Temperature,
iz[ Yo Authoris ear Used Range, ba K
1 1039 Zurnes, R.3. and 1931 R 43-70.0 233
Ceeray, M.
temperature not given, 293 K assumed.
2 101 Czerny, M. 1930 R 44.0-71.4 293
assumed.
3 iol Caurrny, M. 1930 R 35.0-47.0 293 Same as above.
4 102 Cartwright, C.H. and 1934 R 126.0-231.0 293
Czerny, M.
S 110 Baldini, C. and 1968 R 0.124-0.187 300
Bcsaceni, B,
data extracted from a figure.
6 110 %aldini, CG. and 1968 R 0.124-0.179 55
Bosecchi, B.
7 94 ¥iyata, T. and 1967 R 0.157-0.212 78
Tomiki, T.
meter; data extracted from a curve.
8 54 McCartiy, D.E. 1963 T 2.1-50.4 298
angle 30°; data extracted from a figure.
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TABLE 28. [EIPERIMENTAL DATA OX THE REFLECTIVITY OF SOLIUM CHLOKIDE
{Wavelength, ?, um; Tewperature, T, K; Yeflectivity, p!
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Figure 20. Transmission of Sodium Chloride
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TABLE 29. SUMMARY OF MEASUREMENTS ON THE TRANSMISSION OF SODIUM CHLORIDE
“bata ““‘e'(““““ - N }‘.:h_o‘:‘ :‘a:e‘lr Anlg:t;n. Tcmp'e;r'.:t.u’re TTTmmmTmm T e
R Ref. . / tot 4 e & . . N
z;t Yo. Author{s) Year Used Range, up X Specifications and Remarks
1 109 Barnes, R.B. and 1931 T 33.5-74.7 293 Vacuum evaporated thin film specimen of 0.17 ma thick oa celluloid
Czerny, M. substrate; transmittance spectrum obtained; data eatracted {rom a
figure.

2 109 Barnes, R.B. and 1931 T 32.3-75.0 293 Same as above except for specimen of 1.35 ea thick.
Czcrny, M.

3 109 Barnes, R.B. and 1931 T 32.3-75.0 293 Same as above except for speciacn of 1.7 ms thick.
Czerny, M.

4 103 buarnes, R.B. and 1931 T 34.6~75.0 293 Same as above except for specimen of 2.3 cm thich.
Czeruy, M.

5 109 Barnes, R.B. and 1931 T 33.5-75.0 293 Same as above except for specimen of 3.4 mx thick.
Czerny, M.

6 109 Barues, R.B. and 1931 T 33.5-75.0 293 Same as above except for specimen of 3.6 ma thick.
Cserny, M.

7 101 Ceerny, M. i930 T 35.8-4€.3 293 Crystal; plute specimen of 8 =m thick; spectral truisziitunce
obtained; data extracted from a figure; tcmperature not given;
293 K assurmed.

8 i01 Czerny, M. 1939 T 35.8-47.4 293 Same as above except for other specimen of some thickness.

N

9 01 Czeray, M. 1930 T 35.0-44.3 293 Same as above except for other specimen of 14 mm thick.

10 101 Czerny, M. 1930 T 33.4-40.8 293 Same as above except for other specicen of 17 mo thick.

1n 101 Czerny, M. 1930 T 35.8-46.3 293 Same as above except for other specimen of 24 ma thick.

12 94 Miyata, T. und 1967 R 0.159-0.213 78 Single crystal; obtained from Harshaw Chemical Co. or grown by zone

Tomiki, T. refined from zmele; cleuve specimens of 0.63 mm thick; transnisafon
deternined by an vltruviolet spectrophotometer; duta cxtracted from
a curve.

13 85 McCarthy, D.E. 1967 T 0.17-3.0 298 Synthetic crystal; plate specimen of 5.0 a1 thick with surfaces
parallel to within 0.001 mm/mn of Jeugth and fiac to within L0
fringes or better of the mercury green line noaourement i
double-beam instruments with accuracy of :25; duta oxtrucied from a
figore; teaperature not given, 298 K ussuzed.

14 54 McCarthy, D.E. 1963 T 2.0-21.0 268 Synthetic crystal; plate spucimen of 5 cm thick; ground und polisked
to a flatness of seven fringes or better on both sides; duta ex-
tracted from a figure.
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TABLE 30. EXPERIMEINTAL DATA OX THE TRANSMISSION JF SODIUM CHLORTDZ  (continued)
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TABLE 31. PEAK POSITIONS (Rma } IN pm AND HALF-WIDTHS (W) IN eV FOR THE ¥, R, M, AND N
ABSORPTION BANDS IN SODIUM CHLORIDEX

Interionic F band R1 band R2 band M band . N bands
dist;, d Temp. 2 W A A X W A
(A) max max max max max
2.81 RT 0.471)" (0.547) (0.592) (0.701)
0.458 0.46 0.720
0.465 L.47 0.725
0.466 0.49
0.470 0.50 }
NT 0.448 0.28 0.545 0.596 0.706 0.823 |
0.450 0.31 0.713 |
0.452 0.41
HT 0.450 0.25
0.28
0.29 |

* Values were taken from Ref. [69]. ;
t values given in parentheses are calculated from the Ivey relations {70].
Fband A___ = 703 d**®" for NaCl structure, A___ = 251 d%'® for CsCl structure.
max max
Ry band A = 816 d4!°%*
max
R; band )\ = 884 ¢'-%"
max

M band A = 1400 a'°%¢
max
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TABLE 32. RECOMMENDED VALUES ON ABSORPTION COEFFICIENT OF
SODIUM CHLORIDE IN IR REGION AT 300 K

Absorption Coefficient, cm™!
1

Vv, cm A, um
ObservedT
Intrinsic* (Selected)
4.000E+02 25.0 1.9E+1
5.000E+02 20.0 3.2E+0
5.010E+02 20.0 3.1E+0 2.5E+0
5.510E+02 18.1 1.2E40 1.2EH0
S 6.000E+02 16.7 5.3E-1
6.020E+02 16.6 5.2E-1 5.7E-1
6.510E+02 15.4 2.1E-1 2.7E-1
6.998E+02 14.3 9.0E-2 1.0E-1
7.000E+02 14.3 9.0E-2
7.508E+02 13.3 3.6E-2 4.1E-2
8.000E+02 12.5 1.5E-2 1.4E-2
p 8.511E+02 11.7 6.0E-3 4.6E-3
9.000E+02 11.1 2.5E-3
9, 434E+02 10.6 1.1E-3 1.0E-3
1.00UE+03 10.0 4, 2E-4
1.079E+03 9.27 1.0E-4 2.6E-4
1.100E+03 9.09 7.1E-5
1.200E+03 8.33 1.1E-5
1.300E+03 7.69 2.0E-6
1.400E+03 7.164 3.3E-7
1.500E+03 6.67 5.6E-8
1.600E+03 6.25 9.4E-9
1.700E+03 5.88 1.5E-9
1.800E+03 5.56 2.6E-10
1.887E+03 5.30 5.6E-11 3.4E-5
2.632E+03 3.80 9.4E-17 5.3E-5

*Intrinsic values were calculated according to Eq. (29)
with uncertainties about #10%.

tValues in this column are the total absorption coefficient
which are either lowest reported or those used to define
the constants in Eq. (29). Uncertainties of these values
are about *10%Z. Values lower than 1.0E-3 carry higher
uncertainties up to *30%.
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3.4. Potassium Chloride, KC1

Potassium chloride 1s widely used in spectroscopy, since its optical
properties make it a convenient window and prism material over the spectrum
from the ultraviolet to the infrared. The transmission range is about 0.21
to 30 um. A plate 1 cm in thickness transmits radiation up to 24 um. Since
strong absorption occurs near the transmission limits, the transmission range
of KCl is about 0.38 to 21 um. Of all the substances which are otherwise suit-
able for optical parts, KCl is transparent over the widest range of the infrared

spectrum.

KCl crystals are grown in the same way as NaCl, but sometimes multiple
crystals instead of single-crystal ingots result. Therefore, large prisms
are somewhat rare and expensive. As crystal growth techniques improved, crys-

tals 30 cm in diameter are now available.

Measureme~t of the refractive index of potassium chloride dates back to
1871, when Stefan [86] determined the refractive index of a sylvite prism for
the B, D, and F of Fraunhofer lines. Later work, represented by Rubens [112],
Martens [87], Paschen [88], and Gyulai [27], provided a large amount of data
in the transparent region. Measurements beyond the transparent region were
not made until 1934 when Cartwright et al. [{102] analyzed the reflection and
transmission spectra of KC1 thin films in the infrared region, 126 to 232 um.

In the low ultraviolet region, Tomiki {113] published values obtained by analyz-
ing the reflection spectra. Refractive index data are now available for a wide

wavelength range from 0.106 to 232 um.

Li {33} reduced the then available experimental data on the refractive
index to a common temperature of 293 K and after careful evaluation and analysis
adopted a Sellmeier type dispersion equation to calculate the refractive index

at 293 K in the wavelength range of 0.18-35.0 um:

2 2 2 . 2
0.30523 A* | 0.41620 A _ 0.18870 A* . 2.62"" % (4,
A2-(0.100)%  A2-(0.131)%  22-(0.162)%2  A%-(70.42)2

n? = 1,26486 +

where X is in units of um.

Investigations of absorption coefficient for practical applications are

generally classified into three wavelength regions: the ultraviolet and the
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far infrared limits of the transparent region, and the transparent regiomns.
In the ultraviolet regilon, the main motivation for the study was to investigate

and to determine the Urbach-rule parameters.

Roessler and Walker ({91] détermined the absorption index for KCl, in the
spectral range from 0.047 to 0.248 um, by a Kramers-Kronig analysis of the
reflectance spectrum. Evidenced by the strong temperature dependence of re-
flectance in the exciton region and the appearance of spin-orbit split doublets,
the surfaces of the KCl specimen examined were near perfect. Kobayashi and
Tomiki [93] studied the effects of impurities on the absorption coefficient
and found significant shifts in the position of the fundamental absorption edge
and an absorption band at 0.204 pm. The latter is due to the presence of OH
ion as an impurity in KC1 grown in air. However, the shift of the position
of the edge may not be caused by the OH ions; it may be due to the presence
of bromine and/or dislocation in the crystals. Tomiki [114] and Tomiki et al.
[77] studied the absorption of KCl in the wavelength region between 0.1 and
0.4 um for the purpose of determining the Urbach-rule parameters and finding
the features characteristic of the intrinsic tail. Through a systematic ob-
servation and analysis made at various temperatures they found the following
empirical relations between some parameters

EO = 7.834 eV

a = 1.26 x 10'° cn~?

o]

hf = 13.5 meV
o = 0.745

50

for the expression of absorption coefficient of the intrinsic tail

a = o, exp I-oS(T) (EO—E)/kT] (31)
where
2kT hf
Os(T) = 0so hf tanh 2kT

Measurements of the absorption coefficient for the infrared transparent
region are just recent occurrences as the development of high-power IR lasers
has led to a need for better characterization of IR window materials. Among
other things, the absorption coefficient plays a decisive role in determining
whether a material is adequate for laser optical components. For this reason,
absorption coefficients of a number of selected materials were investigated

at wavelengths of laser interest. Potassium chloride is among the best laser
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window materials and its absorption coefficients at wavelengths 1.06, 2.7, 3.8,
5.3, and 10.6 |m were intensively studied in order to determine the influencing
factors that contribute to the extrinsic absorption. These studies are very
informative and provide clues and means for material preparation and parts

fabrication in order to minimize the extrinsic components in the absorption.

To see whether or not certain intrinsic mechanical and optical properties
at 10.6 ym could be achieved with the polycrystalline KCl, investigations were
made on KCl specimens with various dopants. Shrader [115] observed that while

the 10.6 ym absorption coefficients of the tested specimens were, in general,
about the same magnitude as that of a pure KCl sample, 8.9 x 107" cm™!, the
absorption coefficients of doped KCl in the uv region are very much higher

than the pure specimen.

Hass et al. [116] studied the infrared absorption in KCl single crystals
near 10.6 um using calorimetric techniques. They were able to separate the
surface and bulk absorptions and a value of 8 x 10™% cm™! was assigned to the
bulk part which is close to the estimated intrinsic limit of the crystal.

They also found that an absorption band near 9.8 ym was present in all samples
examined and appeared to be largely contributed by the surface absorption.

The existence of this surface absorption band prevents observation of the in-
trinsic. They concluded that careful preparation and finishing of KC1 crystals

can give a near intrinsic absorption level at 10.6 um.

Harrington and Hass (78] investigated the temperature dependence of
f multiphonon absorption at 10.6 um for KC1 samples. The absorption coefficient
and its temperature dependence have been observed to vary markedly from sample
! to sample. In most cases, the absorption coefficient below 600 K is essentially
independent of temperature. For purer samples the absorption coefficient in-
\ . creases more sharply at higher temperatures as would be expected for intrinsic

behavior.

Boyer et al.[117] studied the temperature dependence of the absorption
coefficients of pure KCl crystals at 10.6 um from room temperature to within
50 K of the melting point, using laser calorimetric techniques. Crystals from
a number of different sources were employed and the lowest absorption coeffi-
cient was observed with a crystal grown in a CCl, reactive atmosphere designed

to minimize the introduction of oxygen-containing impurities. The temperature
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dependence of the absorption is observed to be very sensitive to impurities,
but for the best crystal with the lowest absorption, the dependence monoton-
ically increases, which is anticipated for near-intrinsic absorption of the
crystal. However, there always exists a surface absorption band at 9.5 um
whose wing contributes to the total absorption at 10.6 um. When this surface
component is subtracted, the bulk absorption coefficient is 8 x 10~° cm™!,
which is in good agreement with other investigations. It has been experienced
by many workers that the surface absorption can be considerably reduced by

appropriate chemical polishing.

Deutsch [12], using a differential technique with a dual beam spectrometer,
obtained absorption coefficients in the wavelength range from 13.3 to 32 um
for both single crystals and polycrystalline KCl provided by different suppliers.
[t was found that within the accuracy of the measurement, the long wavelength
absorption coefficients of the polycrystalline KCl are the same as those of
the single crystal. Furthermore, it was also found that the experimental data

could be represented by an exponential relation of the form
a=a exp (-V/vo) (32)

where

a = 8696 cm™? and v, = 50.8 cm™?
This relation was believed to represent the intrinsic absorption of KCl. The
extrapolated absorption coefficient at 10.6 um is approximately 8 x 1075 cm“,
which is somewhat lower than the measured values, 5 x 107* cm™! and 3.5 x 10™* cm™!,
for high purity samples. In a later study, Deutsch [118) reported the CO,
laser calorimeter measurements on the 5.3 and 10.6 um absorption coefficients
of numerous KC1 crystals with provisions made to eliminate the effect of sur~
face absorption. One of the crystals showed a 10.6 um absorption coefficient
of 6.6 ¢+ 2 x 10”% cm™! which corresponded to the predicted intrinsic value
by the exponential relation, Eq. (32). It was then estimated the surface ab~
sorption to be 1.1 ¢ 2 x 107" per surface and, thus, the total absorption was
dominated by surface loss. The lowest value of the 5.3 um absorption coeffi-

cient he obtalned was 1.5 x 1075 em~}.

Hass et al. [119] measured absorption coefficients by calorimetric techniques

at 1.06, 2.7, and 3.8 um for a number of KCl samples. The results at 1.06 um

are generally in the 1075 cm™? range with the lowest reported at 7 x 107% cm™!
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which is very close to the limit of the method used. However, at wavelengths

2.7 and 3.8 um, their best measurements were 3.7 x 107* cm™! and 2.1 x 107* em™ !,
respectively. Compared with the absorption coefficients at 1.06 and 5.3 pm,

the data imply excess absorption at 2.7 and 3.8 um even 'n the purest available
crystals. This has been observed rot.only in the KCl crystals but also in a
number of low absorption alkali halide and alkaline earth fluoride crystals.

The cause of such excessive absorption was not understood. They suggested

the possibility of being attributable to the OH and CH impurities. If these
were eliminated, the absorption level at these wavelengihs could be reduced

1

to 107° cm™! range or lower.

Klein [120]) investigated the origins of the extrinsic absorption at 2.7
and 3.8 um. Correlation with vacuum-ultraviolet absorption measurements indi-
cated that all of the excess 2.7 um absorption can be accounted for by the
OH™ content of the crystals. At 3.8 um, the surplus absorption in the specimens
are most likely contributed by the carbon-oxygen lineages, e.g., COF,, CO?’,
HCO,. Klein s ggested that diminished residual absorption at these wavelengths
can be achieved by substituting hydrogen chloride for carbon tetrachloride

in purification procedures and treating the salt below its melting point.

Hass et al. [97] used an improved laser calorimetric technique in the
determination of the 10.6 pm absorption coefficient of the material. As time
elapses, the effect of surface absorptions and other contributions is reflected
by the increase of slope at equilibrium. As a consequence, the sirface and
bulk absorptions can be separated by this technique. The bulk 10.6 um absorp-
tion coefficient of KC1 obtained by this method is 8 x 1075 cm !,

The currently available lowest bulk absorption coefficients of KCl iu the
laser wavelength region were obtained by Allen and Harrington [98]. Since
all of their calorimetric measurements were performed on one pure sample and
at one laboratory, their results provided a more consistent and exact descrip-
tion of the dependence of the absorption on laser wavelength. All of their
results are below 6 x 10~% cm™! level with the lowest value, observed at 5.3 um,
of 5 x 1077 cm™! which is at the limit of their instrument sensitivity. Earlier
investigations of wavelength dependence of absorption by Rowe and Harrington

{121) and others yielded considerably higher results than this data set.
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It has been found that the following facts are common to all of the

measurements in the laser wavelength region:

1. Surface absorption predominates at low bulk absorption levels. As
a consequence, the observed total absorption is higher than the bulk.
The surface absorption band at 9.6 m is strong enough to mask the
intrinsic behavior of the crystal in the wavelength region centered

at 9.6 ym.

2. Absorption due to impurities contributes to bulk absorption as well
as to surface absorption. At wavelengths 2.8 im and 3.8 um, absorp-
tions due to hydroxyl ion and oxygen impurities are particularly

outstanding.

3. It appears that the above mentioned extrinsic absorptions may render
the crystal an unfavorable window material. It has been found, how-
ever, that the objectionable extrinsic absorption can be reduced
through improved purification and polishing processes.

4. Low total and bulk absorptions, of the order of 1078 em™! or less,

were found, at wavelengths 1.03 and 5.3 ym. Although this value is

still very much higher than the respective intrinsic limits, the re-
sults represent the limit of instrument sensitivity. Were the sensi-
tivity of the instrument increased considerably, one might be able

to observe very low absorption.
{ Figures 21 to 24 are plots of the available data. The pertinent information

for each data source and the corresponding original values are given in Tables

33 to 36. In addition, available information and data on the reflectivity and

transmission are also presented in the same manner (in Figures 25 and 26 and
Tables 37 to 40), for completeness and comparison. For the visible and near
visible regions, Table 41 gives the spectral positions of the well known color

e

centers. Noticeable absorptions are likely to occur at these centers when

the crystal is exposed to ultraviolet, x-ray, or high energy radiation. How-
ever, these absorption bands may disappear at high temperatures or by appro-
priate radiation, corresponding vo the so-called "thermal and optical bleaching

of color centers."

The recommended values given in Table 42 were calculated from Eq. (32).

In the range between 10 to 32 um, these values are supported by measurements

M - - - -
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of Deutsch [12]. At other laser waveiengths, the observed values are generally
higher than the calculated ones because of extrinsic contributions due to sur-
face contamination and impurities. Current research has shown that the extrinsic
absorptions can be reduced through improved techniques of sample preparation.
Therefore, intrinsic values may serve useful purposes. It should be noted that
the values in the "intrinsic" column are the lowest limits that we can obtain

for ideal samples. In practice, the observed values are generally higher than
the limiting values at low absorption levels. Unless values appear in the
"observed" column, the limiting values are considered as guidelines for esti-

mation and investigation.

Although it was not the intent of this study to evaluate the absorption
data in the vacuum ultraviolet region, in order to provide the users a total
picture of the available absorption data, plots of avallable data in this re-

gion are given in the Appendix of this report.
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TARLL 33.0 sLmany oF o

SURIZIERIS QN 15D ALSORPTION COLTFICILNT OF POTASS M CHIORIWL!

Aenunber Donendence)

et

Muztor(s) Year T(mpvr.}t‘:‘re Specifivations sid Remarks
Ranpge, K v
1 91 kocessler, D.M. and 1968 R 5.80x10"~2.1x10" 300 Single cryseal; obtained frem the Harshaw Chesdcal Co. ar the
walker, W.C, Weatinshouse Blectrie Corg absorptieon coefficionts derived
from a bt r-lroniyg anal of the rncar vorral reficction
spolirs; ta extracted a tanle.
2 122 Antianori, M., 1973 R 1.04x10"-1.66x16° 253 Siaple crystal; ottained {rom the trshaw Chendcal Co.p
Ralzarozti, A., and imen cleaved in air just before being ronrted in the
Pincentini, M. ple chasber Lo be vacuun pusped; reflection spoctrun ob-
tained with a sonochroiater of boad width 1.5 &) inoctra ob~
tained on the same specinen aftor 24 Ywears did aot
aificont chanves and reprodured witic accestaisty of :
absorption cocificionts Jdoerivid by vaas ol
Rroniy analysis of the reflection apoecer.
paper from 13,5 to 20.5 ¢V, below 13.5 eV reflectivity data
of Tomiki utilized whilc these of Blechszlaidt ¢t al, usdd
heyond 2005 oV data eatracted fro a fieure:
3 116 1976 c 9.2x10%-1.08x10° 300 Single crystal; grown
tetrachloride at 1
ished ie coacontr.nod
with a tunable CO: lasvr by
absorption cocfficicat {balh . tomar gt by
data extructed from a figure; the appeatance of a surface 3
sacption band near 7.8 mn provents ooscrvation of Lilk absorp-
tion,
M Juz Cartwrigst, C.B. and 1934 T 49-92 293 Crystal; thin plate specinen of 123 13 HER TN
Czerny, M. cocfficients deduced from toans~ittunce and thichn
surements; data extracted from a figure.
5 102 Cartvright, C.il, and 1934 T 43-91 293 Sinmilar to above except {or a spocizen of o) ma Jlick.
Ueerny, Mo
o 192 Cartarisht, C.H. and 1934 T 42-94 293 Similar to above except for & spociren of 258 .. thivk,
Crecny, M.
7 102 Cartwrigt, C.H. and 1934 T 42-70 293 Similar to above oxcept for a speci-en of 347 o
Crorny, M.
S 103 Bl hsehmidy, ., 1969 R 9.5x10%-2.5x10" 293 Sinnle ¢ aly provided by Kari #orek, sied, C v 2ay; freshly
Eiacker, R, ood cloaved jpeciiong absorpeiea coo fiicos dorg Pt tae
Swabowski, M. veflictivity vousus sothody dota criracted
from a figure.
4 93 iy, K. and 1963 T 5.0N10°-5.73x10" 299 Crystal} specially pariiicd; cont. A tre s of daau] .
T. in mole fravtion, divalint i ctalliy dea & peritios of 1 10t
per oceoand bydvonyl dens of 2a 1077 ner vop trans cittonces
at Lthe absurption tafl seasured with a vovuey uliroviolet
copectrephotomvtery duta extracted from a fisure,
NI 93 Kebavaohi, K. ond 1ul T 5.5510%-5,7x30" 327 Same as ahove.
1ok, T.
-~
‘
!
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TASLE 33, SLAMANY OF MIASURLICNTS ON THE ANSUsPT1ON COLFFICLENT I PQIASSION CHLOARIDL (Faveaumher pependence)  (continued) g
. i e- s A - B Vl'av(-'. n.-:b.'.;r B B MR - R R - B L
. . Meths e Toempers e
hortaer(s) Year E:‘c;d )x‘m ; K.‘u\‘;],lukre Specifications und Ruerarss
i1 93 ¥ehuyashi, Ko oand 1961 T 5.45x107-5.6x10" 373 Similar to above ¢xcept at a higher terperature.
To-iki, T.
12 93 Fobayashi, K. and 1961 T 5.35x10%~5.53x10" 420 Siriilar to above cxvent at a higher temperature.
Tenivi, T.
13 93 Kobijasni, K. and 1961 T 5.25%10%-5.44x10" 469 Simflar to above vkeept at a higher temperature.
Tomiki, T.
1< 124 Deutsch, T.F. 1974 T 8.0x10°-1.25x10° 298 Single crystal; bar «pecimens of 6.4 cm long: absorption
cacfiicivots deternined from transmission rcasutements; dats
extracted from a figure.
i5 312 beutsch, T.F. 1973 T 5.0x10%-7.5x10" 300 Singlc crystusl; obtained from the Harshaw Chemical Co.g
specimen of 2,54 ¢m diamcter and 2,564 com thick; aheorption
coefficients determined vsing a differeatial  teclaique with
a dual-beam spectrophotometer; data oatracied fiex a figure.
16 12 Diutseh, T.F. 1973 T 5.98x10°-7.53x10? 300 Sizilar to above ¢xcept for an Oprovac sinrle crystal.
17 112 Doutsch, T.F. 1973 T 4.49210%-7.50x10% 300 Similar to above except for o larslaw pelyerystalline.
18 125 Tomiki, T. 1966 z 5.6x10%-6,2x10" 4.2 Single crystal; obtained by a zone rofining in chlorine at-
mosphere tollowing vacuum distillation: cicaved specimens of
0.0175 cm to 0.497 cm thick; absorption cocfficicnts dueduced
from reflectivity and transmission; data cxtracted from a
figure.
19 12% Tomiki, T. 1966 b4 5.6x10"-6.2x10" 81 Similar to above except at a higher temperature.
20 125 Temiki, T. 1966 A 5.6x10°-5.8x10° 295 Sim{lar to above ecxcept at a hipgler wtemperature.
21 126 Philipp, H.R. and 19¢3 R 5.8x10"-1.83x10° 208 Single crystal; obtaindd from the Narshaw Chendcal Co.g ub-
Yhrearcich, H. sorption cocfficicats deduced from reflection spoectrung data
extracted from a figure.
22 127 Kobuyashi, K. and 1960 R 5.3x10%-5.52x10" 285 Single crystal; grown by vacuum distillation; cleaved spoci=
Tomixi, T. mens of 0,.6-1.0 mm thick: absorption coefficivats neasured
with a vacuum ultraviolet spectrophetomcter; data extracted
from a {ivurc.
2] 128  .olharoa, K. and 1962 R 5.59x10°-2.86x10° 300 cryseal; well polished single surface; reflectivity
Bell, E. so simultoncously coasurdd by eyt owirde Yoarior-
transform spectroscopy ond aboorptica cocfficivets deducad
from the weasurvacnts; Jata oatracted from a tiure,
24 103 Tkezawa, M. and 1973 R 9.0x10"-1.3:102 1.8 Sinple crystal; grown fror purce syathesiscd povders distilled
¥asu, K. in vacuum and zoned refined in a quartz tube fn chlorine go
cleaved; peoawtry not spectlicd; data token from a coavel
i
{
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TARLE 33. SUMMARY OF MEASUREMENTS ON THE 'LSORPTION COLFFICIENT OF POTASSIUM CHLORIDE (Wavenuwber Depeadence) (continued)

C e amam e ana i aa e T siw S Rt Be T Ewm . s A AR EEA AT e T A KoM MramAmme (i s o e s ek mivavawEt x 1a aeee e . an ey ar e ams e
Dut. Vavenunber
Ref. Method Termperature

Se . e a ‘ AT

‘;u[ No. Author(s) Yeur Used Rz e, Renge, & Romarks

No, ca e B . e

25 115 Shrader, E.F. 1974 c 943.4 298 Pure crysta); polished disc specimens of 1 cm ¢ PLERIF
tion ceelflcivnt measured by calorizotric methud; sver.ged
vialue of the =cusuremeont 0.00089 cx Lhsorption colffi-
cients of doped KCI suxnples also measured with rosults of
similur order of magnitude as that of pure crystal, t.o-;org-
ture was not specified, 298 K discussed.

2% 9/ Nuss, M., Davison, 1975 c 943.4 298 Stngle «rystal; grown {n redctive ac~asphere; rectan ular

J.W., Roscastock, parallelepiped specimen of length 6.9 cm; a)l six sides chem-

H.B., and Bubiskin, J. ically polished; laser calorimetric ~cthod used and the ther-
mal rise curve obtained; bulk absorption cocificicat ucter~
mined based on the initfal slope of the curve.

27 %] Allen, S.D. und 1978 c 343.4-3571 296 Single crys:al; §rown by a reactive aiac.phere proceis; rod

Hurrington, J.A. specimen of 1 em® x 13.97 cm; caloriretric =otiod us.d; bulk
absorption coefficient; data extracted from a figure.

28 119 Hass, M., Harrington, 1976 4 943.4,3571,2632 298 Single crystul; highly purified und pclished rod spucimensy

J.A., Gregory, D.A., measured with Jaser calorinmetric technicucs; data «Mifucara

wné Davisaa, J.W. from a table; origins of higher ubsorpticn «t 2.7 A
3.8 in due to Impurities iu bulk wit.rial wad surfacs
temination.

29 118 Deutsch, T.F, 1975 [+ 1887 298 Sinuple crystul; rod specimen; calorimeiric method vsed; duta
extracted from a table.

30 123 Nentzel, A, 1934 T 222455 298 Single crystals; thin {ilm and piate spici~ens of thicvruoss
from 16 um to 10 mm; absorption coefficicuts cGotersined from
trangmissfon measurements; data extracted from & todl..

3] 129 Mentzel, A. 1936 z 422-769 298 Single crystals; plate specimens of 10.7 == ro 1 (m; truns~
mission measured by Ruboen and Trowbridge "1753 i 3872
incorporated with reflectivicy obtaiied .n tais refirence, the
absaration cocfficient determiacd; data eatraced from a
table.

32 23 Genzel, L., Happ, H., 1959 T 3.1-33 298 Crystal; plute specimens of 2.5, 5.2, u..& 35.0 -5 =hick;

snd Wober, R. transaission measured and abeorpticn codéiicient detvrnined;
dati extracted from a figure.

33 lle Toniki, T. 1967 Z 6.1x10°-6.8x10" 10 Single crystals; zone refined cophare of soluriae
after the process of the vacw Tiavion from the sU Tling
powder; specimens with cleaved surfaces; baerption eaei i~
cleats deterndned from reflectivity aad trousidission Swusabe=
ments; data extracted {rom a figure.

34 1 Tontki, T, 1967 3 5.6x10%-6.7x10" 78 Same as above.

—
[
35 1L Tomikd, T, 1967 2 5.0x10%-6.2x10" 85 Same as above. ©
é
i ~
| v
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TABLE 33- SUMMARY OF MIASUREMENTS COR THE ABSORPTION COFFFICIENT CF POTASSIUM CHLORIDE (Wsvenumber Dependence} (cortinued) e
Rt T e A e i A T A i P A ALY £ 2| A+ = S
Data et 4Venumber Te- erat
Set R‘_"f' Author{s) Year ““,"‘“d Range, € ?‘ futvre Specifications and Remurks
o ho. Used cm? Rarge, K
36 114 Tooiki, T. 1967 z 5.5x10%-6.2x10" 183 Same as above.
37 114 Tomiki, T. 1967 z 5.4x10%-6.8x1C" 295 Same as above.
38 134 Temiki, T, 1967 z 5.3x10%-5,7x10" 373 Same as above.
39 134 Tomiki, T. 1967 A S.8x10%-6,3x10° 387 Sape as above.
40 114 ~cmikd, T. 1967 4 5.0x10“~6.3x10* 477 Same as above.
41 114 Tomiki, T. 1967 3 4.8x10%-6.8x10* 573 Same as above.
42 95 Roseastock, H.B., 1976 c 943.4 298 Single crystals; obtained from the Naval Rescsrch Lab., the
Gregory, D.A., and Harshaw Chemical Co., aud the Raytheoa Corp.; mechunically
Barrington, J.A. polished and chemically clewned with spectrograde CCla; laser
calorimetric method used; duta tuken from a table; it was
found that the surface ubsorption was sbour 45 tincs higher
than the bulk absorptfoa.
43 121 Rove, J.M. and 1976 c 943.4-1048 300 Single crystal; grown by the carly rcactive-atmowphere~
Harrington, J.A. process; chemically etched suriuces; total ubsorpiion coef-
ficient determined with Juser culorimetric method; higher
absorption near 9.6 um due to exizrinsic sources; Juta tuken
trom a figure.
44 121 Rowe, J.M. and 1976 c 943, 4-1048 300 Sinilur to sbove except for samples grown by Smproved rcac-
Harrington, J.A. tive-utmosphere~process and absorption near 9.6 L2 decreased.
43 1 Rowe, J.M. and 1976 [+ 943,4-1048 100 Sane as ubove.
Kavrington, J.A.
46 121 Rowe, J.M. and 1976 c 943.4-1048 200 Same as above.
Hurrington, J.A.
!
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TABLE 34. EXPERIMENTAL DATA ON THE ABSORPTION COEFFICIENT OF POTASSIUM CHLORIDE (Wuvenumber Depeadence) (continued)
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SUMMARY OF MEASURLMENTS OX Tilll ABSORPTION COLFFICIENT OF POTASSIUM CHLORIDE (Tempurature Dependence)

e iea ML A Lt L RS AATASAML. s A ke e n o A Lt eWEMoo .. oo SEAif o4 ARTAAMSEALC bem b hemas 4Bl iefo Lo L hoelal ... cide saa . i.aao .
Daza « Wavenumber .

Sct R?f' Author(s) Year thhOd Range Temperature Specifications and Rerarks

A No. Used 1’ Range, K

No. cm © e .

1 78 Harrington, J.A. and 1973 C 943.4 297-1000 Single crystal; obtaincd {rom the Harshaw Cucmical Co.; specicen with

Hass, M. surfaces mechanieally and then chemically polished; abrorption coef-
ficicents mcasured by caloricetric method using a C0; laser source;
data extracted from a figure,
2 78 Harrington, J.A. and 1973 [ 943.4 299-944 Similar to above cxcept for crystal obtaincd from MHughes Research
Hass, M. Laboratorics.

3 117 poyer, L.L., 1974 [+ 943.4 312-920 Crystal; obtaincd from the jiarshaw Chemical Co.; absorption cocffi~
flarrington, J.A., clients measurcd by calorimetric wcthod with a laser source; data ex-
Hass, M., and tracted from a f{igure.
Rosenstock, H.B.

4 117 Boyer, L.L., et al. 1974 [ 943.4 312-960 Similar to above except for crystal obtaince from the Hughes Ca.

S 117 toyer, L.L., et al. 1974 [od 943.4 322-79% Si:ilar to above ciecnt for crystals grown b ot Waeal Rewo roh Lib.
under conditions designed to minimize tle introduction of o .vrun-
containing iwpuritics which can give rise to absorption Luads in the
mid-infrared rep’ n.

6 117 Loyer, L.L., et al. 1974 [4 943.4 337.3 Sizilar to above except for _rystals prown in a ICY. renctive at—os-
phere; it was obscrved that the crystal grown in this way has the
lcast absorption among the crystals frona various sources.

7 100 Ruwe, J.M. and 1976 [ 943.4 100-300 Single crystals; grown by the reuctive-aiawst hicre-process; obiained

Harrington, J.A. from the Navis) Rescarch luborutory; rod specimens of 2.5 ¢m diamcter
aud of vurious leagthsi chemically etched surfuce; bulk absorption
determined; data extracted from a figure; dats st Jow terperature
carriecd Jarge uncertainty of =21002; uncertainty Jdimjnishicd towurd
higher temperatures.
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Figure 25. Reflectivity of Potassium Chloride
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TABLE 37. SUMMARY OF MEASUREMENTS ON TRE REFLECTIVITY OF POTASSILM CHLORIDE
At SR S JENS. T Sk gy R aoma A k£ - e o m . e wamg o s £ a% et ram
EYEY Mot : .
Ref. . . Methad Wavelength Texperature, e f e -
-S'Zt . Author(s) Year Caed Range, um K Specifications and Remarks
1 122 Anzinori, M., 1973 R 0.061~0.094% 233 Single erystal; obtuined from (Lo Uarstaw Chosieal Co.j = a
Baizarotei, A., aod cleaved in air just before being mounted fn the sazple ok er ta be
Pilacenting, M. vacuum pumipad; Teflocerion spoetrum obiviued with a =manochrorstor of
band width cf 1.5 A; measurement purformed on the same specimen after
246 Wrs did not show significant chunges and reproduced with uncer-
tainty of about 5%, data extracted from a figure.

2 101 Czerny, M. 1930 R £2.6-70.4 293 Synthetic crystal; plate specioen; polfshed surf.ce; noraal spestral
reflectivity odtuined with silver mirror as reforence; dara extracted
{rom a figure; temperature not given, 293 K assuned,

3 192 Csrtwright, C.M, and 1934 R 126.0-231.0 293 3ulk KCl; surface conditions unspecified; vear normal reflectivity

Czeray, M. obtained; linearly averaged values of tubulated data wure extracted.

4 124 Blechschmide, D., 1969 R 0.035-0.089 293 Siagle crystals provided by Karl Korth, Kiel, Germuiny; freshly

Klucker, R., and cleaved specimen; near normal reflectivity weasured in vacuuz for

Skibowski, M. polarized light with normal of the specimen lying on both sides of
the incident deam for increased accurucy; data extracted from a
figure.

5 110 Bsldint, G. and 1968 R 0.322-0.179 300 Single crystals) specimen with cleaved surface; buck surface of the

Rosacchi, B, speciman treated with an emery cloth to reduce the reflection from
the buck; near norwmal veflectivicy obrained with specimen In vacuum;
data extracted from a figure.

[ 110 baldini, C. and 1968 3 0.120-0.170 S$ Same as above except at low temperature.

Bosacchi, B,
7 126 Philipp, H.R. and 1963 R 0.055-0.653 298 Single crystal; neur wormal reflection spectrun mcasured; data
Ehrenreich, #, extracted {rom a curve.

8 114 Tomiki, T. 1967 R 8.147-0.171 10 Single crystal; grown by the Kyropoulos techulque; specimen ¢leuved
from the grown ingots; necar noemal vreflectivity measured; data ex-
tracted from a figure.

9 114 Tomiki, T. 1967 R 0.147-0.173 18 Sume as above.

10 114 Tomiki, T. 1967 R 0.106~0,148 9% S.me a5 above.

11 123 Johnson, %. wnd 1969 R 27.2-229.2 300 Stngle crystal; well polished singic surface; reflectivity measured

Bell, E. by asymmetric Fourler-transf{otm spcctroscopy; duta extracted from a
figure.
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TABLE 38. EXVERIMENTAL DATA ON THE REFLECTIVITY OF POTASSIUM CRLORIDE

{Wavelength, A, um; Temperature, T, K; Reflectivity, p]

A o A 3 & ] A ] A 0 A -]
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T 2 232.0 T = 293.0
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Bebbob UsaSSe Ty Y “ebaB3 7.2 ge173 147 aC balGle QelS30 0.523% wealo Levy353
wrued veul?s daltl33 3.3 GelbMm Llaen velbo | -1 P11 4 we 17 G132
Verwtl weuld? Geuad3 48,4 weldd 2ivel de152 LeL550 UeH33 welid veidd?
Ceedid weu 33 veufid “Fan JeZ32 2310 G268 Ceudb5 £.503 wel23 L2602
Teosbue vewda gen 237 +940 Oelud VelZti Leu93 voard?d wedits
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TARLE 35, EXPERIMINTAL DATA OX THE REFLECTIVITY OF POTASSIUM CRLORISL  {(comtivnued)
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TABLE 38. EXPERIMENTAL DATA ON THE REFLECTIVITY OF POTASSIUM CHLORIDE (continued)
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TABLE 39. SUMMARY OF NEASUREMENTS ON THE TRANSMISSION OF POTASSIUM CHLORIDE
Py T s L e R fEA e FE L AL s Sk AL S £ e TR T £ F R K3k T o A AL R e KA AT T we AR Am 4 S D e e
Ref. Method Wavelength Temporature, ¢
:Zt No. Auther(s) Year Lsed Range, um R Specifications and Remarks
1 124 Deutsch, T.F. 1974 T 7.69-12.50 298 Single crystal; bur specimeus of 6.4 co long; transmission ceasured
with I%Z error; Jdata extructed from a figure.
2 85 McCarthy, D.E. 1967 T 0.17-3.0 298 Synthetic crystal; plute specimen of 10.0 mm thick with surfuces
parallel to within 0.00) ma/mma of leangth and flat to wichin 10
fringes or better of the mercury green line; meusuremeants wmade on
double-beam instruments with accuracy of 22%; data extructed {rom a
figure; temperature not given, 298 K assumed,
3 118 Deutsch, T.F. 1975 T 2.5-21.0 298 Single crystal; specimen of 6.4 cm thick; spectrocphotometer used ia
the transmission neasurements; a broad absorption burd coentered at
9.8 un obscrved, the wings of which cledarly extendoed to 10.6 .m;
data extractad from a figure.
4 118 Deutsch, T.F, 1975 T 2.5-21.0 298 Same as above except for a specimen of 2.35 cm thick.
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TABLE 41. PEAK POSITIONS o‘max) IN pm AND HALF-WID1 -7 (W) IN eV FOR THE F, R, M, AND N
ABSORPTION BANDS IN POTASSIUM CHLORIDE *
Interionic F band R; band R2 band M band N bands
dist., d Temp. A\ W X N W A
(A) max max max max max
3.14 RT (0.576)+ (0.669) (0.725) (0.835)
0.556 0.31 0.680 0.740 0.820 0.12
0.557 0.34 0.822-0.825 0.13
0.560 0.35 0.825
0.562 0.36 0.830
0.563 0.39
NT 0.534 0.19 0.650 0.724 0.800-0.820 0.06-0.07 Ny: 0.955
0.538 0.2 0.656 0.725 0.801-0.802 0.09 Nz: 1.080
0.539 0.22 0.657 0.727 0.803 Ni1: 0.966
0.540 0.26 0.658 0.729 0.805 W=0.,08
0.543 0.3 0.659 W=0.08 0.808 N2: 1.028
0.546 Ww=0.12 W= 0.09
HT 0.536 0.16 0.798-0.799 0.05~0.06
0.537 0.17
0.539 0.18
* Values were taken from Ref. [69].
t Values given in parentheses are calculated from the Ivey relations [70].
F band Amax = 703 d!"%* for NaCl structure, Amax = 251 d®*% for CsCl structure.
R, band X = 816 a1 %"
max
R; band A = 884 ¢'-%"
max
M band ) = 1400 4'-%¢
max
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TABLE 42. RECOMMENDED VALUES ON ABSORPTION COEFFICIENT OF
POTASSIUM CHLORIDE IN IR REGION AT 300 K

v, cm} A, um Absorption Coefficient, cm™!
Intrinsic* ObservedT (Selected)

4.000E+02 25.0 3.3EH0

4.,490E4+02 22.3 1.2E+0 1.1E+0

4.970E+02 20.1 4.9E-1 4,.6E~1

5.000E+02 20.0 4,6E-1

5.510E+02 18.1 1.6E-1 1.6E~1

5.992E+02 16.7 6.5E-2 6.2E-2

6.439E+02 15.5 2.7E-2 2.4E-2

6.969E+02 14.3 9.5E-3 8.8E-3

7.502E+02 13.3 3.3E-3 3.2E-3

8.000E+02 12.5 1.2E-3 1.3E-3

8.540E+02 11.7 4.3E-4 1.0E-4

9.000E+02 11.1 1.7E-4 1.0E-4

9. 310E+Q2 10.7 9.5E-5 1.6E-3

9.434E+02 10.6 7.4E-5 6.0E-5(B), 1.2E-4(T)

9.756E+02 10.3 3.9E~5 3.3E-5(B), 1.0E~4(T)

9,780E+02 10.2 3.7E-5 4.5E-3

9.950E+02 10.1 2.7E-5 5.3E-3

1.028E+03 9.73 1.4E-5 6.5E-3

1.047E+03 9.55 9.7E-6 9.0E-6(B), 9.0E-5(T)

1.079E+03 9.27 5.1E-6 1.8E-5(B), 8.0E-5(T)

1.122E403 8.91 2.2E-6 2.6E-3

1.174E+03 8.52 7.9E-7 9,.8E~4

1.202E+03 8.32 4.6E~7 4,8E-4

1.232E+03 8.12 2.5E-7 1.3E-4

1.245E403 8.03 1.9E-7 6.0E-5

1.300E+03 7.69 6.6E~8

1.887E+03 5.30 6.4E-13 5.0E-7(B), 4.2E-6(T)

2.632E4+03 3.80 2.7E-19 6.5E-6(B), 5.6E-5(T)

3.571E403 2.80 5.5E-6(B), 5.9E-5(T)

*Intrinsic values were calculated according to Eq. (32) with

uncertainties about t10X.

tyalues in this column are the total abosprtion coefficient which
are either lowest reported or those used to define the constants
Uncertainties of these values are about $10X.
Values lower than 1.0E-3 carry higher uncertainties up to *30%.
Letters in the parentheses have the following meaning:
absorption and T - total absorption.

in Eq. (32).

B - bulk
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3.5. Potassium Bromide, KBr

Potassium bromide has optical characteristics similar to those of rock
salt, but, having a higher molecular weight, it transmits further into the
infrared. Crystals up to 11 kg in size are available from the Harshaw Chemical
Company. Very pure samples have been obtained and they can be cleaved easily.
KBr is of Interest to designers of optical instruments because of its trans-
parency in the infrared region. Although KBr is transparent from 0.20 to 42 um,
the useful reglon is from 0.3 to 30 um because strong absorption occurs near

the transparency limits.

Measurements of the refractive index of KBr date back to 1874. For the
transparent region experimental values were obtained mainly by the deviation
method and reported by Spindler and Rodney {130], Stephens et al. [131},
Forrest {132], Harting [30], and Gundelach [133). For low ultraviolet and far
infrared wavelengths, there were no measurements until 1967, when Vishnevskii
et al. [134) reported their results for the region from 0.170 to 0.197 um and
Handi et al. {24] reported resuits for the range of 35 to 770 um.

Li [33] reduced the then available experimental data on the refractive
index to a common temperature of 293 K and after careful critical evaluation
and analysis adopted a Sellmeier type dispersion equation to calculate refrac-

tive index at 293 K in the transparent wavelength region, 0.20 to 42.0 um.

0.79221 )" + 001981 A2 4+ 0.15587 A2
22-(0.146)%  12-(0.173)%2  A2%-(0.187)2

n? = 1,39408 +

2 2
* 0.17673 X + 2.06217 A (33)

A2-(60.61)%  22-(87.72)?2

where X is in units of um.

Investigations of the absorption coefficient for practical applications
are generally classified into three wavelength regions: the ultraviolet and
the far infrared absorption edges and the transparent regions. In the ultra-
violet region, Martienssen [135] investigated absorption coefficients of KBr
in the range 0.18 to 0.30 pym and at 20 o 1000 K. He found that the expression

-oh(f -£)/kT
a(f,T) = o e °
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can be used to describe the absorption behavior of KBr crystals. The constants
in the equation were found to be a = 2.4 x 10° cm-l, c = 0,79, and hf° = 6,76 eV.
Tomiki et al. [71] studied the absorption of KBr in the wavelength ramnge between
0.170 and 0.240 um for the purpose of determining the Urbach-rule parameters

and finding the features characteristic of the intrinsic tail. Through a sys-
tematic observation and analysis they found the empirical relations of the

parameters:

"

6.840 eV

0.6 x 10'° cm !
10.5 meV

0.774

o R
)
" (]

Q
n

for the expression of absorption coefficient of the intrinsic tail

a=a exp[-cs(T)(Eo—E)/kT], (34)

where

os(T) = 04 %ﬁ;—tanh %E%

Measurements of absorption coefficients in the infrared transparent region
are recent occurrences as the development of high-power I.R. lasers has led
to a need for better characterization of I.R. window materials. Among other
factors, the absorption coefficient plays a decisive role in determining
whether a material is adequate for laser optical components. For this reason,
absorption coefficients of a number of selected materials were investigated
at wavelengths of laser interest. Potassium bromide is among the best laser
window materials and its absorption coefficients at wavelengths 1.06, 2.7, 3.8,
5.3, and 10.6 ym were intensively studied in order to determine the influencing
factors that contribute to the extrinsic absorption. These studies are very
informative and provide clues and means for material preparation and parts

fabrication in order to minimize the extrinsic components in the absorptien.

Deutsch [12], using a differential technique with a dual beam spectrometer,
obtained abosrption coefficients for KBr samples in the wavelength range 16.7-
33.3 um. It was found that the observed absorption coefficient together with
earlier literature data in the multiphonon absorption region could be repre-

sented by the expression
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@ =a exp(-v/vo) (35)

where

a = 6,077 cm—l. v =39.1 cm !}
o )

This exprewsion, based on the available data that cover the regions o = 0.002

to 12 ¢cm ! and v = 250 to 600 cm-l, is believed to represent the intrinsic
absorption of KBr. Extrapolations to the wavelengths 10.6 and 5.3 um yield
intrinsic absorption coefficients of 2.0 x 10 'cm ' and 8 x lO—lacm_l, respec-
tively. These values are considerably lower than the corresponding experimental

results [118], of 4.2 x 10 %cm ! and 2.1 x 10-"cm_1, respectively.

Hass et al. [119] measured absorption coefficients by calorimetric tech-
niques at 1.06, 2.7, and 3.8 um for a number of KBr samples. The results at
1.06 um were ugually in the 107 %cm ! region with the lowest reported value at
<3 x 10" %cm ! which was very close to the limit of their instrument sensitivity.
However, at wavelengths 2,7 and 3.8 um, their best measurements yielded 1.2 x
10 “cm ! and 2.2 x 10 “cm !, respectively. From the observed similarities of
a number of other quality crystals, they estimated the absorption coefficient
of KBr at 5.3 um should be in the region 10 %cm ! or lower. Compared with the
absorption coefficients at these wavelengths, the data imply excess absorption
at 2.7 and 3.8 um even in the purest available crystals. This has been ob-
served not only in the KBr crystals but also in a number of alkali halide and
alkaline earth fluoride crystals. The origin of such excessive absorption was
not clearly understecod. The authors suggested the possibility that this was
associated with the OH and CH impurities. If these were eliminated, the ab-
sorption level at 2.7 and 3.8 um could be reduced to the level of 10 5cm ! or

lower,

In a later study, Klein [120] investigated the origins of the excessive
extrinsic absorption at 2.7 and 3.8 um. Correlation with vacuum-ultraviolet
absorption measurements indicated that all of the excess 2.7 um absorption can
be accounted for by the OH content of the crystals. At 3.8 uym, the surplus
absorption are most likely contributed by the carbon-oxygen lineages, e.g.,
COF,, COZZ, HCO?, in the specimens. He suggested that diminishing residual
absorption at these wavelengths can be achieved by the substitution of hydrogen
halides for carbon tetrachloride in the purification procedures and treating

the salt below its melting point.
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Rowe and Harringtomn [121) and Klein et al. [136) produced purified KBr
crystals by reactive-halide purification processes with various reagents in an
effort to minimize oxygen-containing impurities which are knowm to contribute
significantly to extrinsic absorption in the 10.6 um region. Among the reagents
attempted, carbon tetrachloride processing yielded a KBr crystal that had one
of the lowest bulk absorption coefficients at 10.6 um. Among the samples
measured, one sample had a bulk absorption coefficient of 7 x lo_scm-‘, the
lowest for any solid, at 10.6 um, that so far has been known; even lower than
that for KC1 crystal. Similar to KCl, for all the KBr samples measured, there
exists a persistant absorption band at 9.6 um. For the purest and best pol-
ished crystal, the absorption coefficient at 9.6 um is greater than that at
10.6 um by a factor of 2 to 3, yet the near-intrinsic behavior requires a
lesser absorption at 9.6 um. Unless this absorption band were eliminated, or
reduced considerably, through purification and polishing process, the use of
KBr in the 9.0-9.6 um region would be limited. Since the method used in their
investigation was able to identify the bulk and surface absorptions, an im-
portant finding was that the extrinsic absorption band near 9.6 um is not due
entirely to surface absorption, but is in fact dve to impurity sources present

in the bulk as well as on the surface of the sample.

Figures 27 to 30 are plots of the available data. The pertinent information
of each data source and the corresponding original values are given in Tables
43 to 46. In addition, available information and data on the reflectivity and
transmission are also presented in the same manner (in Figures 31 and 32 and
Tables 47 to 50), for completeness and comparison. For the visible and near
visible regions, Table 51 gives the spectral positions of the well known color
centers. Noticeable absorptions are likely to occur at these centers when the
crystal is exposed to ultraviolet, x-ray, or high energy radiations. However,
these absorption bands may disappear at high temperatures or eliminated by ap-
propriate irradiation, corresponding to the so~called "the thermal and optical

bleaching of color centers."

Recommended values given in Table 52 were calculated from Eq. (35). In
the range between 16.7 to 35 um, these values are supported by measurements of
Deutach [12] and Barker [38]. In the laser wavelength region, the predicted
values are lower than the existing data. It is not known if Eq. (35) holds

for this region because the observation of very low absorption is handicapped
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by the limit of the best available instrument sensitivity. However, like most
of optical crystals, one expects to observe absorption bands in the range
between 2.6 to 2.8 um and at 3.8 um due to the hydroxyl ions in the crystal

and due to surface contamination. These absorption bands can be eliminated
through improved crystal growing and polishing techniques. Therefore, it should
be noted that the values in the "intrinsic" column are the lower limits that

one can obtain for ideal samples. In practice, the observed values are higher
than the limiting values at low absorption levels. Unless values appear in

the "observed" column, the limiting values are considered as guidelines for

estimation and investigation,

Although it was not the intent of this study to evaluate the absorption
data in the vacuum ultraviolet region, in order to provide the users a total
picture of the available absorption data, the plots of available data in this
region are given in the Appendix to this report.
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TabrL 43, UMMARY OF MEASURIZNNTS ON TRl ARSORPTION COLPFICHINT OF POTASSIUM DRODIDE (Wavein o Dependenae)
e mm e sEme el PR - we e v el - -
. ) ¥tiod TouT Terperatu Ceron .
Author(s) Year Z}:.ud v, “R;n;;.“;c Specifications and Rutarhs
1 19 Hilsch, R. and 1931 T 3.98x10°-4,93x10° 293 High purity; single crystal; grown from relt; absorption
Fohl, R.W. coefficivnts determined from transzission mwasurcTents; dota
exiracted from a fijure.
2 19 tialsch, K. and 1931 T 4.32%10°-4.93x10° 293 S:milar toe above cxcept for a coravrcial cryseal,
Poirl, R.W,
3 122 Aatinori, M., 1973 R 1.04x10°-1.65x10° 293 Sinsle cryatal; abtained from the Harshaw C
Buizarettl, A., and specinen eleaved in air jusc before boing
Piacentini, M. sanple chamber 1o be vavaus pump.dy i
with a monochire ator o widii
mud on e sase spociren after 2400
siynificone changes and reproducible witio uncorta
about 5%; absorptjion couificiuvnts derived by caus of the
Kramers-RKrenip analysis on the reflection wtrus obtaingd
from 13.5 to 20.5 ¢¥, Delow 12,5 oV the reflection & of
Rubloff were utilized woile (Tose of Blechselnidt ct al. woere
usced bevond 20.5 oV absorgtica~vov racteu
from a fimure.
4 95 Califuno, S. and 1958 R 4.19x10°-5.9x107 293 Crystii; hlock specitens of 15.15 16.SD cm; abserpti 3
Czerny, M. coeffivicats deternined from transi.ittaace - Loomente; data
crtracted tiom g tigure.
3 137 Bauer, C. 1934 T 5.26x10%-5.:x10° 293 sy Ln T1Em spocineils OF VATa0US THECEN tss0s) abuorpe
taon of taulk crystal dddured v tra tence
D) apeviien uicRRoRh TCISLECTCNES ] Catd extracteld fromoa
table,
6 123 Licchsclaide, D., 1969 R 9.29x10%~2.42x10" 293 Simcle vre t 1p rrovided by Karl Korth, Kiel, Germany: froauly
wlucker, R., and cloived spocimong asorption covfiicients derived with the
Shibowski, M. el Tivtavity teoof dacidenee methad: dats cotrootdd
ir. o
7 38 sarker, A.J. 1972 R 2.58%10°-4.38,10° piv e Syatintic o1 ~taly aivh puric oua¥ poiislied upe
1-2 mn thic gy orption cocf! cats daducdd from reflective
itys dota eatracted fromoa i
3 38 Lorher, Ald, 1972 R 2.98.107 4,067 107 500 SE0Taf Lo Laeve Cacept al o higl Ly orature.
'} la Bhorker, ALJL 1072 R 317510 =4, 874007 740 Stoilar o Gbove Gacept ot o1 highor Looperatare.
13 38 Barker, ALl, 1972 R 3,.25:107-5.08x10° 885 Siailar to above extept at o hijher tuaperature.
1t 3% Dather, ALJ. 1972 R 3.38x10°~5.18x10° 1035 Molten wivr s oof 122 Lothick: rofloctivity  coowre ents
varriced oul ia a larpely dnert pas atcosphere; abooaptien
couliicicents doduced from rodlection poctrag arption-
voufficient duta extracted ifrom a figure; nelting tor pworatuse -
of Kir is 1003 K. o
~
'
'
1
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Data Wavenumber !
Ref. . . . Tenperature

i;( <o Author (s) Year Rz:L?. Rnt?c' K
12 12 Deutseh, T.F. 1973 2.99x10%-6.0x10% 300
13 77 Tomiki, T., 1974 4.88x10%-5.37x12" 84

Miyata, T., and

Tsukarato, R.
14 77 Tomiki, T., et al, 1974 4.83x10°-5.19x10" 194
15 77 Tomiki, T., et al. 1974 4.76:10%-5.04x10" 300
16 77 Tomiki, T., ¢t al, 1974 4.69x10"-4.94x10" 373
17 77 Teniki, T., et al. 1974 L.54%10-4.80x10" 473
i8 77 To=iki, T., et al. 1974 4.42x10°-4.68x10" 536
19 126 Philipp, H.R. and 1963 5.32x10°-1.94x10° 298

fhreareich, 1L
26 128 Johnson, K. and 1949 20,7-220 300

Bell, E.
21 42 Oweas, J. 1968 0.25-3.5 298
22 136 Kl:in, P.H., 1976 350,400,450 298

D.vison, J.W., and

Harringon, J.A.
23 136 Klcin, P.H. et al. 1976 350,400,450 298
2% 136 Xlein, P.N. et al. 1976 350,400,450 298
23 138 Klein, P.H. et al. 1976 350,400,450 298
26 136 Klcin, P, ot . 1976 943,9434 298

N
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TABLE 42, SUMUARY OF MLASURINLNIS ON THE ABSO.PTIUN COLEIICILNT OF FOTASS1UM BROMIDE (Ruveoumber Dependence)  (continaed)

891

Specifications and Bemarks

Siaple erystal; obtained {rom Optovac Co.3 spucimencf
diamcter and 2.54 cnthick; absorplion coeiffcients deternined
using a differential techrique with a dual-beam spectrophoto-
meter; data extracted from a figure.

Single crystal; obtained irom Muarshow Chemical Co.; ahsorption
cocificients deduced from reflection measurcacnts; data es~
tracted from a figure.

Similar to above except at a lLjgher tumperalure.
Similar to above except at a higher teaperature.
Similar to above cxcept at a higher Lomperature.
Sirilar to above except at a higher temperature.
Similar vo above cxcept at a higher tesperature.

Single crystal; ncar normal reflection spectrum obtained; ab-
sorption coefficicnts deduccd by the Kramers-Kronig relations;
absorption-cocfficicnt data extracted from o figure.

Single crystal; well polished single surface; refloctivicy
and phase simultancously measurced by asyrawtric Fouricr
transform spectroscopy and absorption covfficient deduced
from the measurcments; data extracted from a figure.

Single crystals; obtained from the Harshaw Chumieal Co.;
cylinder shaped specimen; filled resonant cavity meihod used
for measuring diclectric constant and loss tangent; absorp-
tion cocfficient then determined; data extracted from a
figure.

High purity crystal; purified with rearent IBr; bar specimens;
water pround followed by polishing with ilbr solution; neasurcd
with laser calorimetry; dats oxtracted from & tuble,

Similar to above cxcept purificd with C,Brg in the Laltide
process.
Similar to above except purificd with C hirg {n the halide

Provess,

Simflar to above except purified vith reageat GOy in tie
haljde process.

Similur to above except purificd with reapent JBr in the
hilide process and concentration of 1.droxy) ion 0.0G5 por
million aunion (ppm A).
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z:t No. Auttor({s) Year 'Used Rzl:gél:. Range, K Specificarions and Remarks

27 136 Klein, P.H., 1976 C 9463,9434 298 Similar to above except purified with reagent C;Br¢ ia the

Davison, J.W., and halide process and concentratica of hydroxyl ion 0.07 prz A.
Harrington, J.A,

28 136 Kletn, P.H. et al. 1976 [ 943,2632,3704,9434 297 Similar to above except purified with reagent CCl, in che
halide process and concentration of hydroxyl ion 0.05 ppm A.

29 136 Klein, P.H. et al. 1976 C 943,2632,3704,5434 298 Similar to above except concentration of hydroxyl ion
<0.01 ppm A.

30 136 Klein, P.H. et al. 1976 C 926~1046 298 Above specimen; total absorption coefficients measured.

31 136 Klein, P.H. et al. 1976 c 926~1046 298 Above specimen; bulk absorption deduced from total absorption.

32 136 Klein, P.H. et al. 1976 C 326~1046 298 Similar to above specimen excepr concentrution of hydroxyl
ion 0.05 ppm A und total abscrptioa macsurad.

33 119 Hass, M., Harrington, 1976 [+ 9434,3571,2632 298 Single crystal; highly purificd and pclished rod sjccimens;

J.A., Crogory, D.A., measurcd with laser calorimetric method; data extracted

and Davison, J.W. from a table; origins of higher absorption at 2.7 Lz .nd
3.8 um due to impurities in bulk marerial and surface con-
tamination.

34 104 Hacriagton, J.A., 1976 c 272-576 300 Single crystal; obtained from the Harshaw Chemical Co.;

Duthler, C.J., Patten, experimental details not given; data extracted from a figure.
F.W., and Hass, M.

35 104 Harrington, J.A. et al. 1976 c 285-498 80 ,ane 48 above.

36 129 Meatzel, A, 1934 T 192-625 298 Single crystals; thin film cnd plate specirens cf tihicaness
from 43 ym to 13 =mm; absorption coefficients determired fro=
trunsmission measuremcuts; data extracted from a tuble.

37 23 Cenzel, L., Happ, H., 1959 T 4.8-28 298 Crystal; plase purallel plate specimens of 2.5, 5.0, 38.3

and Wcber, R. thick; absorption coefficient detormined bascd oa troen i
measurenents; data exr acted from a figure.

38 9 Rosc: ntock, K.B., 1976 [ 943.4,3703 298 Single crystals; obtained from the Xuval Rescarch iLub., the

Gregery, D.A., and Harshaw Chemical Co., and the Raytheon Corp.; mechanically

Harrington, J.A. polished and chemically cleancd with spectrograde CCly; laser
calurimetric method used; duta extracted from a tuble; it was
found that the surface absorption wus about 45 tircs higher
than the bulk sbsorption.

39 121 Rowe, J.M. and 1976 4 926-1044 300 Single crystals; grown by the resctive-ulnosphiere-process;

Harcington, J.A. carefully polished surfaces; total absurpefon detersmined with

laser calorimetric method; higher absorption occurred near
9.6 +m due to extrinsic coatributions; dauta extraceed fria @
figure.

-~

'

{ I
.
Ao A~ - —— e —— - e e e — - R o~ - -

691



! »
—
S
T3 OGN THE ABSORPTION COEFFICIENT OF TUTASSIUM BROMIDE (Wavenumber Dependence)  (continued)
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i Metho Temperat . .
»1::.01., Author{s) Year %Eic;d Rznwg‘e » Ra:::grcq. u]:e Specifications snd donucks
121 Rowe, J.M. and 1976 C 926-1044 390 Suame as above vacedt the Luik ubsorpiion obtained.
Rarrington, J.A.
121 Rowe, J.M. and 1876 [+ 926-1044 300 Similar to above except for purer samples and bulk absorption
Harrington, J.A. obtained.
Y
'
P
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TABLE &44. EXPERTMEWTAL DATA ON THE ABSORPTION CQEFFICIENT OF POTASSIUM BROMIDE (Wavenumber Dependence)
(Waveaumber, v, cm™'; Temperature, T, K; Absorption Coefficient, a, cm"]
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TASLE 44. EXPERIMENTAL DATA ON THE ABSORPTION COEFFICIENT OF POTASSIUM BROMIDE (Wavenumber Dependence) {coatinued)
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Figure 30. Absorption Coefficient of Potassium Bromide (Temperature Dependence)
. { ' :
H .
i




s ae satiie - s dAEmLE s s e A

“pata

TABLLE 45.

STICLRY OF MUASURIMENTS ON Tk ALSURPIION COEFFICIENT OF POTASSIUM DROMIDE (Tumperature Deperndence)

e e o s e ememEm MErvoosa L isetea te. ... e e iimECeke e ieaen
Mothod Waveaumber

Ref. . . . Temperature . . .
S'e: o. Author(s) Year Uscd Ran_,_,g. Range, K Specifications and Remarks
No. cm - — - —_
1 43 Stolen, R. and 1965 T 31.25 41-300 High purity; single crystal; prown by the Bridgman Mctbod; plate
Dransfeld, K. specimeas of thickness 0.5 to 25.0:un; absorption coefficients directly
determined; data extracted {rom a figure.
2 43 Stolen, R. and 1965 T 20.0 77-300 Same as above except for a longer wavelength.
DPransfcld, K.
3 43 Stolen, R. and 1965 T 11.11 80-300 Same as above except for a longer wavelength.
Dransfcld, K.
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TABLE 46. EXPERIMENTAL DATA OX TPE ALSORPTION COEFFICIENT OF POTASSIUM BROMIDE {Temperature Depeandence)
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Figure 31. Reflectivity of Potassium Bromide
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TABLE 47. SUMMARY OF MEASUREMENTS ON THE REFLECTIVITY OF POTASS1UM BROMIDE
data Ref e T ) M, :\;:.“‘H:vtlength Temp;tatur‘e‘ i . - T
. Ma 4 . .
i:t No. Author(s) Ycar Used Range, 1m Specifications and Remarks
1 122 Antinori, M., 1973 R 0.06-0.094 293 Single crystal; obtained from the Harshaw Chemical Co.; specimen
Balzarotti, A., and cleaved in air just before being mounted {n the sample chanber to be
Piacentini, M. vacuum punped; reflection spectrum obtained with a monochramstor of
tand width of 1.5 A} spectra performed on the same specizen after 24
hrs did rot show significant changes and reproduced with uncerzaluty
of abour 5%; data extracted from a figure.
2 123 Blechschmide, D,, 1969 R 0.034-0.094 293 Single crystal; provided by Karl] Korth, Kiel, Cermany; freshly
Klucker, R., and cleaved specimen; near normal refleceivity measured in vacuum for
Skibowsk!, M. polarized light with normal of the specimen lying on both sides of
the incident beam for increased accuracy; data extracted from a
figure.
3 110 Baldini, G. and 1968 R 0.136-0.222 300 Single crystals specimen with cleaved surface; back surface of the
Basacchi, B. specimen treated with an emery cloth to reduce the reflection from
the back; ncar normal reflectivity obtained with specimen in vacuung
data extracted from a f{gure.
& 110 Baldint, G. and 1968 R 0.127-0.214 55 Same as above except at a low temperature.
Bosacchi, B.
5 138 Petroff, Y., Pinchaux, 1971 R 0.155-0.188 1.8 Single crystsl; specimen cleaved in 1iquid helium; near normal
R., Chekroun, C., reflection spectrum obtained; data extracted from a curve.
Balkanski, M., and
Kamimura, H.
[ 24 Hudni, A., Claudel, 1967 R 18.6-120 300 Single crystal; specimen of prism shape to avcid interference; near
3., Chanal, ., nornal reflectivity obtained; data extracted from a curve.
Strimer, P., and
Vergnat, P.
7 24 Hadni, A. et al. 1967 R 18.6~120 72 Above specimen znd conditions except at a lower temperature.
3 24 Hocnl, A. et al, 1967 R 18.6-20 4.2 Above specimen and conditions except at a lower tecaperature.
9 126 Philipp, H.R. und 1963 R 0.049-0.62 298 Single crystal; ncar normal reflection spectrun obtained; data
Ehrenreich, M. extracted from a curve.
10 128 Johnson, K. and 1969 R 27.4-278.5 300 Single crystal; well polished single surface; reflectivity =acasured
Bell, E. by asymnetric Fourfer-trunsform spectroscopy; data extracte? from a
{igure.

11 5S4 McCarthy, D.E, 1963 R 1.9-40.0 298 Synthetic crystal; plate specimen of 5 cm thick; ground and polished
to a flataess of seven fringes or better on both sides; incident
angle 30°; data extracted from a figure.
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Figure 32. Transmission of Potassium Bromide
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TABLE 49. SUMMARY OF MEASUREMENTS ON THE TRANSMISSION OF POTASSIUM BROMIDE

= e ——— PR R o S R S ————

‘.._.—.-,t-—r.—.u;a,._.s‘_a-:w,’uw.”‘ e IR
Ref. Method Wavelengeh Temperature,
No. Author(s) Year Used Range, U3 X gpecifications and Remarks
24 Hadni, A., Claudel, J.» 1967 T 89.2-172.1 4.2 Single crystals specinen of 2.5 mm thick; data extracted from a

Chanal, D., Strimer, curve.

?., and Vergnat, P.

McCarthy, D.E. 1967 T 0.17-3.0 298 Synthetic crystal: plute specimen of 5.0 pm thick with surfaces
parallel to vithin 0.001 mafmm of length and flat to within 10
fringes or better of the mercury green 1ine; measurements midc oo
double-beam instruments with accuracy of 2%; dats extracted fro®
o figure; tomperature mot given, 298 K assumed.

85

54 McCarthy, D.E. 1963 T 2.0-37.0 298 synthetic crystal; plate specimen of § mm thick; ground and polished
ro a flatness of seven fringes or better on both sides; data takeo

from a figure.
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TABLE 51. PEAK POSITIONS (Ap,y) IN um AND HALF-WIDIHS (W) IN eV FOR THE F, R, M, AND N
ABSORPTION BANDS IN POTASSIUM BROMIDE*
Interionic F band R; band R2 band M band N bands
disgr. 4 Temp . X W A Y N W A
(A) max max max max max
3.29 RT (0.630) (0.732) (0.792) (0.897)
0.625 0.35 0.917-0.918 0.12-0,13 1.080
0.628 0.38
0.630 0.42
0.631
NT 0.599 0.19 0.735 0.790 0,887 0.06-0.07
0.601 0.20 0.892
0.603 0.22
0.607 0.30
0.608
HT 0.599 0.16 0.883-0.884 0.05
0.602 0,20

* Values were taken from Ref, [69].

T Values given in parentheses are calculated from the Ivey relations [70].

- 1.84
F band Xmax 03 d for NaCl structure, xmax

R, band ) = 816 4!°°*
max

R, band ) = 884 d1-°"
max 1.56

Mband A = 1400 d

~
[

= 251 d?*% for CsCl structure.

B
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TABLE 52. RECOMMENDED VALUES ON ABSORPTION COEFFICIENT OF
POTASSIUM BROMIDE IN IR REGION AT 300 K

Absorption Coefficient, cm™'

v, cu} A, Um

Intrinsic® Observedt (Selected)
2.990E+02 33.4 2.9E40 2.0E+0
3.000E+02 33.3 2.88+0
3. 500E+02 28.6 7.8E-1 7.0E~1
4,000E402 25.0 2,1E-) 2.0BE~1
4,010E+02 24,9 2.1E~-1 2.7B~1
4. 500E+02 22,2 6.1E-2 1.8E-2
5.000E+02 20.0 1.6E-2
5,010E+02 20.0 1.6E-2 1.3E-2
5.491E+02 i8.2 4,8E-3 4,0E-3
6.000E+02 16.7 1.3E-3 1.5E-3
7.000E+02 14.3 1.0E-4
8.000E+02 12.5 7.9E~6
9,000E+02 11.1 6.1E~7
9.259E+02 i0.8 3. 1E-7 1.8E~5(B), 5.6E-5(T)
9,434F402 10.6 2.0E-7 1.4E-5(B), S5.6E-:(T)
9.524E+02 10.5 1.6E-7 2./B=-5(B), 6.4E-5(T)
9.709E+02 10.3 9.9E-8 1.5B-5(B), 6.0E-5(T)
9.804E+02 10.2 7.8E-8 2.2B-5(B), 6.8E-5(T)
1.000E+03 10.0 4,7E-8
1.035E+03 9.66 1.9E-8 2.7E-5(B), 1.1E-4(T)
1.046E+03 9.56 1.4E-8 3.3E-5(B), 1.0E-4(T)
1.079£+03 9.27 6.28-9 3.3E~5
2.632E+03 3.80 3.5E-26 1.7B~4
3. 704E+03 2.7 1.2E~4
9.434E403 1.06 3.0E-6

*Intrinsic values were calculated according to Eq. (35) with
uncertainties sbout :10%.

tvalues in this columm are the total absorption coefficient

which are either lowest reported or those used to define the
congtants in Eq. (35). Uncertainties of these values are

about *10%. Values lower than 1.0E-3 carry higher uncertainties
up to $30%. Letters in the parentheses have the following
meaning: B - bulk absorption and T - total absorption.

N
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3.6. Potassium lodide, KI

Potassium iodide is valuable as prism material, but it is too hygroscopic
(being about twice as scoluble in water as potassium bromide) snd too soft for
field use.
in diameter are available. Although KI is one of the softest rock salt-structure

It is also soluble in alcohol and in ammonia. Crystal ingots 19 cm

alkali halides, thus not a suitable optical material, its wide transparency,
0.25 to 50 ym, draws considerable interest in research. Fundamental absorptions
in the ultraviolet and infrared regions, as well as static and high-frequency
dielectric constants have been measured by a number of investigators, and the

results are reported in Table 2.

A reasonable quantity of data on the refractive index of KI are available
in the open literature. By careful examination of the available data we find
that for the transparent wavelength region the results of Gyulai [27]) and
Harting [30] are consistent (with temperature effects considered) to the fourth
decimal place, in spite of the fact that Gyulai quoted an accuracy of one unit
in the third decimal place. Korth's values [139], although being reported to
the fourth decimal place, are good only to the third place. Data reported by
Sprockhoff [140] and Topsde and Christiansen [141] appear slightly too high
at the assumed temperature; they elther observed at a considerably lower tem-
perature or used inadequate samples. In the infrared region, 40 um and up,
data were deduced by analyzing the information on reflection and transmission
spectra. Data are available from the figures of Hadni et al. [24], Eldridge
et al. (142], and Berg et al. [143].

Li (33] reduced the then available experimental data on the refractive
index to a common temperature of 293 K and after careful critical evaluation
and analysis adopted a Sellmeiler type dispersion equation to evaluate the re-

fractive index at 293 K in the transparent wavelength range 0.25-50 um

0.16512 A2 4+ 0.61222 A2 4+ 0.44163 A2 4+ 0:16076 A2

n? = 1,47285 +

22-(0.129)%2  A2-(0.175)2  A%-(0.187)2  A2-(0.219)2
2 2
4 0:33571 A% | 1.92474 A (36)
A2-(69.44)2 A%-~(98.04)2
where A is in units of um.
! PRECELAG FAGE
!
. [y

oo
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Available data on the absorption coefficient, reflectivity, and transmission
of XI compiled in the present work are given in Tables 53 and 60 and are plotted
in Figures 33 to 38. Investigations of absorption coefficient for practical
applications are generally classified into three wavelength regions: the ultra-
violet and the infrared absorption edges and the transparent regions. In the
case of KI, much of the absorption measurement was carried out in the vacuum
uv region for the purposes of studying the band structure of the crystal. Many
observations were performed in the far infrared region for study of the dielec-
tric properties. Little information could be found in the transparent and
absorption edge regions. In the uv absorption edge, early studies of the Urbach
tail of KI were made by Martiemssen [135] and Haupt [144]. Later, Tomiki et al.
{77) studied the absorption of KI in the wavelength range between 0.200 and
0.280 um for the purpose of determining the Urbach-rule parameters and finding
the features characteristic of the intrinsic tail. Through a systematic ob-
servation and analysis, the following empirical relations of the parameters

were found

Ea = 5,890 eV

a, =0.6x 10'° cm !
hf = 4.5 meV

Ogo = 0.830

for the expression of absorption coefficient of the intrinsic tail

@ =a_ exp [—oS(T)(Eo-E)/kT] (37)
: where
2kT hf
[ T4 = Igo g taR iy

This equation represents the intrinsic absorption coefficient for pure KI

crystals.

In the multiphonon absorption region, absorption coefficients on the high
frequency side of the reststrahlen band were measured by Berg and Bell [143]
based on transmission and reflection measurements using the method of asymmetric
Fourier spectroscopy. Eldridge and Kembry [142] investigated the optical prop-
erties in the vicinity of reststrahlen band at various temperatures using a

Fourier spectrometer for specimens of a range of thicknesses. Their results

S o e o -~ - - e - - . - -
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agreed with those of Berg and Bell at corresponding temperature as shown in
Figure 34 where the exponential relation between the variables are clearly
seen, We found that the room temperature data can be represented by the
relation

-v/v
@=oe ° (38)

with vo = 36 cm ! and ao = 3458 cm '. Detailed discussion of this finding is

given in the section entitled "Summary of Results and Recommendations".

We have seen that the intrinsic absorption coefficients of KI in the
Urbach and multiphonon regions, respectively, obey the exponential law. It is
not known if the two relations hold for the transparent region. If they did,
absorption in the transparent region would be negligible. However, at the
color centers (given in Table 61), possible absorptions should be considered.
The intensity of absorption depends on the purity, thermal and irradiation
history of the sample, and its physical environment. As the color centers
may be bleached as well as created by appropriate thermal and/or radiation
energy, absorption at these bands varies considerably. As a result, no definite

values can be assigned other than the spectral positions of these bands.

Figures 33 to 36 are plots of the available data. The pertinent infor-
mation of each data source and the corresponding original values are given in
Tables 53 to 56. In addition, available information and data on the reflec~
tivity and transmission are also presented in the same manner (in Figures 37
and 38 and Tables 57 and 60), for completeness and comparison. For the visible
and near visible regions, Table 61 gives the spectral positions of the well

known color centers.

Recommended values given in Table 62 were calculated from Eq. (38). It
should be noted that the values in the "intrinsic” column are the lowest limits
that one can obtain for ideal samples. In practice, the observed values are
generally higher than the limiting values at low absorption levels. Unless
values appear in the "observed" column, the limiting values are considered

as guldelines for estimation and investigation.

Although it was not within the scope of this study to compile and evaluate
the absorption data in the vacuum ultraviolet region, in order to provide the
reader a total picture of the available absorption data of KI, a plot of selected

data sets in the uv region is given in the Appendix to this report.
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TABLE 53. SUMMARY OF MEASUREMENTS ON THE ALSORPTION COLFFICIENT OF TOTASSIUM IODIDE (Waveuwunber bependonce)
g T e e PP R T i e L SR AN e baaa maesa.tas e o
Ref. Meth, .

sct e Author (s) Yca ’L[. od Range, Tc-npcmm’re Specifications and Remarks

e ho. Used -3 Range, K

No. cm I

1 143 Berg, J.T. and 1971 z 2.2x10'-2.28x10° 300 Crystal; obtaincd frum Lite iarshaw Ciomical Co.; tuws kisds of
Bell, E.E. soccimens used, lappod and polisked lomellar specimons oo
thin as 100 .n {or transmittance measuro=unts and plate apec-
imens of about 1 cm thick with one surface lapped and polished
for refractivity mcasurvments; @casuremnts rade using a
Michelson interferorcter operaied in the asy:metric node; ab-
sorption cocfficicnts doeduced from trapsmittance and reflec-
tance measurcrwnts; data cxtracted from o figure.
2 127 Bauer, G. 1934 T 4.41%10"~5.4x10" 293 Crystal; thin film specimens of various thicknesses; al<orp-
tion coefficients of bhulk crystal diduced from trans—ittance
and specimen thickness measurements; data extracted froa a
table.
3 123 Blechschmide, D., 1969 R 9.58x10%~2.22x10° 253 Single crystal; provided by Kar) Rorth, Kiel, Germarny; frosnly
Flucker, K., and cleaved spociren; absorntion cocfficients derived o te
Skitcwski, M. reflectivity versus angle of incidence sothod; data oxtractel
from a figure.
4 145 Delbecq, C.J. and 1954 R 1.42:10%-4.51x16* 293 Singlc crystal; obtaired from the Harshaw Chosmical Co. or
Yuster, P.H, grown by tae Kyropoulos mcthod; proretry not spuecified; ab-
sorptioa-cocfficicnt data cxtracted from a figure.
5 142 Eldridge, J.E. and 1973 T 2.5x10'-3.0x10° 300 Single crystal from Harshaw Chemical Co.; sarple cleaned ia
Kembry, K.A. toluene, rinsed in alcohol, then daricd and polish.d} le
thickness 0.01-1.0 cm (wedge shape); absorptioa coufficicats
deduccd from transmission measurcments; data extracted from
a figure.
[ 142 Fldridge, J.E. and 1973 T 2.8x10%-2.52x10? 77 Above specimen and conditions excopt measurad at a lewer
Kembry, K.A. tesperature.
7 142 Eldridge, J.F. and 1973 T 6.9x107-2.4x10° 12 Above specimen and conditions except measured at a Jower
Kenbry, K.A. toeuperature.
3 77 Tomiki, T., 1974 R 4,54x10"-4.65x10" 65 Single eryvstal; obtaired from the Harshaw Chenfcal Co.{ ad-
Miyata, T., and sorption cocfficicnts Juduced {rom reflection spectrum; data
Tsukamato, N. cxtracted (rom 3 figure.

9 7 Tomiki, T., ¢t al. 1974 R 4.25x10%-4.5x10° 189 Sinflar to above cxcept at a hizhoer terperature.

10 77 Tontki, T., et al, 1974 R 4.03x10%-4.32x10" 295 Similar to above except at a Ligher teaperature.

11 77 Towiki, T., et al. 1974 R 3.93x10%-4.22310" 367 Same as above encopt at a higher to poraiure.

12 77 Toriki, T., et al. 1974 R 3.8x10%-4.1x10" 455 Same as above except at a higlicr tomperature,

13 77 Tomiki, T., ct al. 1974 R 3.64x%10%-3.95x10" 595 Same as ahove except at a higher temperature. -
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TaLLE 33, SUMLIERY OF Miasi LIS UM THE ABSORDTION COLFFICINNT OF POGASELLY 100IDE (WavenLaner Dopondenoe) catinned) [=3)
e oo e o e T e L - -
wthor{s) vear Method J;“r“cdkr Temnerature Specifications and Re vk
RUILTS) S Used arge, Range, K pe a 15 anu R arks
cm _ e _ . .
14 126 Philipp, H.R. and 1963 R A.}leO"-l.SleO" 298 ¢ crystal; near acrmal reflection snevtrun chiained;
Prenteich, i absorption codiiicients deduced by the Kra ors-nrouig ruwla~-
tions; absorption-coefficicnt data extricted frox o fijare.
15 104 sarrinnten, J.A., 1976 [ 2L4-595 300 Single crystal; obtuined from the llurshuw Ciemical Co.; caper-
puthier, C.J., jmental detail aot givea; data extractec from a {{gurc.
Patten, F.W., and
Hass, M.
16 104 Earranzton, J.A. ct al. 197¢ ™ 242-427 80 Same as above.
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TABLE 54. EXPERIMENTAL DATA ON THE ABSORPTION COEFFICIENT OF POTASSIUM IODIDE (Wavenumber Dependence)

{Waveaunber, V, ca~'; Temperature, T, K; Absorption Coefficient, a, cm“]
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TABLE 34, EXPERIMENTAL DATA ON THE ARSORPTION COEFFICIENT OF POTASSIUM YODIDE (Kavenuzber Dependence) (continued)
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TABLE 54. EXPERIMENTAL DATA ON THE ABSORPTION COErrICIENT OF POTASSIUM IODIDE (Wavenuaber Dependence) (continued)
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Figure 36. Absorption Coefficient of Potassium lodide (Temperature Dependence)




TABLE 55.

Temperature

“Wavenurber

SUMMARY OF MEASUREMEXT ON THL “LSOXPTION COLFFICILNT OF POTASSIUN JODINE (Timperature Dependence)

outa” :R;:-x".'“—‘ - Method
Sct N Author(s) Year L Range, , Specifications and Remarks
. So Used =y Range, K
No cm - —— ————
1 43 Stolen, R. and 1965 T 31.25 83-~300 High purity; single crystal; grown by the Bridgman mcthod; plate
Dransfeld, K. specimens of thickness from 0.5 to 25.0 mm; absorptjoa cocfficieats
dircctly determined; data extracted from a figure.
2 43 Stolen, P. and 1965 T 20 162-300 Same as above except for a longer wavelength.
Dransfeld, K.
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TABLE 56.

[wavenumber, v, s

EXPERIMENTAL DATA ON TiC ABSORPTION COEFFICILNT CF POTASSIUM ICDIPE (Tezperature Dependence)

Temperature, T, K; absorprion Coefficient, a, cm *)
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Set No. Symbol T,K Ref.
0.8
1 (u] 300 [143)
2 (] 293 (1231
L 3 A 300 [110]
4 + 55 [110]
5 X 6 [146]
6 ® 1.8 [138]
0.61— 7 + 298 (1471
8 X 77 [147]
9 z 93 [1481]
L 10 A 298 [149]
11 x 300 [84)
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Figure 37. Reflectivity of Potassium Iodide
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TABLE $7. SUMMARY OF MEASUREMENTS ON THE REFLECTIVITY OF POTASSIUM TODIDE =

‘Ds"“a‘mk‘:f-._—-"-.:,‘ '\“'(“ ¥ M:}‘\::d Wavelength ';enperature. T “: "';'1 i .:-;“";“‘ ) B

\;:t Xo. Author(s) ear Lsed Range, um pec cations an ¢rarks

1 143 Berg, J.I. and 19723 R 47.34-218.8 300 Crystal; obtained from the Harthaw Cherical Co.; lupped and polished

8ell, E.E. plate specincas of ubout 1 cm thick; reflection spectrum obtained;

data extractaed from a figure.

2 123 Blechschatide, D., 1969 R 0.035-0.099 293 Single crystal; provided by Karl Korth, Kiel, Cermany; freshly

Klucker, R., and cleaved specimen; ncaur normal reflectivity =scusured in vacuum for

Skibowski, M, polarized light with normal of the specimen lying on both sides of
the incident besm for increased accuracy; data extracted from a
figure.

3 110 Baldini, G. and 1968 ) 3 0.124-0.243 300 single crystal; specimen with clesved su.fuce; back surface of the

Bosacchi, B. specimen treated with an cmery cloth to reduce the reflection from
the back; near uvormal reflectivity obtained with speclimen in vacuun;
data extracted from a figure.
4 110 Bzldini, G. and 1968 R 0.124-0.243 S5 Sanme as above except it low temperature.
Bosacchi, B.

5 146 Baldini, G., Bosacchi, 1969 R 0.198-0.216 6 Cleaved crystal; sumple grometry and origin not specified; near
A., and Bosaccht, B. normal incidence; data extracted from a curve.

[ 138 pPetroff, Y., Pinchaux, 1971 R 0.209-0.213 1.8 Single crystal; specimen cleaved in Jiquid heliim to avoid surfuca
R., Chekruun, C., contamination; neir normal reflection spectrum cbtained; data ex-
Balkanskt, M., aad tracted from a curve.
Kamimura, H.

7 147 Roessler, D. M. 1967 R 0.110-0.248 298 Crystal specimen cleuved in air; exposed to utmosphere for 2 minutes;
near normal reflectivity measured in vacuum; data extracted from a
curve.

8 147 Rocssler, D.M, 1967 R 0.110-0.248 17 Same a8 above except at a low temperature.

9 148 Weeks, R.F. 1958 R 0.201-0.253 93 Single crystal; cleaved; near normal rcflectivity mcusured in vacuum;
data extracted from a curve,

10 149 Kuto, R. and 1968 R 0.165~0.248 298 Single crystal; grown from the melt; 2 nm thick; freshly cleaved in
Ritunasdbe, M. alr; nesr uormal reflectivity mcusured in vacuum; data extracted
from a curve.

11 84 Mitsuiski, A. and 1962 R 59.9-149 300 Single crystal; near normal reflectivity measured ia vacuum with

Yamada, Y. aluninum micror reference standard; data extracted frem a curve.
12 149 K.sto, R. and 1968 R 0.165-0.248 298 Film specimen deposited on LAF substitute; ncar normal ..oflectivicy
Watanabe, M. measured in vacuum; data extructed from a curve.
13 i50 Vishnevskl, V.N., 1973 ) 3 0.154-0.239 298 Siangle crysta); grown by Kyropoulos muthod; near normal reflection
Stefanski, 1.V., spectrum obtained; data extracted from a figure.
Kuzyk, M.P,, Rulik,
2.8., aud Kulik, L.K,
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TABLE 57. SUMMARY OF MEASUREMENTS ON THE REFLECTIVITY OF POTASSIUM IODIDE (contiaued)
"B;J;? et Amt‘ho (.) Year Method  Wavelength  Temperature, Specificact 4 Re :“ -
g: No. uthor (s Csed Range, Lm pecifications an marks
14 142 Eidrige, J.E. and 1973 R 62.5-333.4% 300 Crystal specimen cleaved in air; exposed to atmosphere for 2 minutes;
Kembry, K.A. ' near porral reflectivity measured ia vacuunmy data extracted from a
curve.
15 126 Philipp, H.R. and 1963 R 0.053-0.653 298 Single crystal; near normal reflection spectrum obtained; data ex-
Ehrenreich, d. tracted from a curve.
i 25 Hadni, A., Claudel, 1968 R 42-1%6 290 Single crystal; high purfty; reflectivity spectrum of 15° incident
3., Morlet, C., angle obtsianed; dats extracted from a figure.
ard Strimer, P,
1?7 25 Radni, A. et al. 1968 R 42-600 80 Same us above.
18 25 Hadoi, A. et al. 1968 R 38-195 6.2 Same as above.
~
o
W
g
~
. *
»
A e .

——- — .




SATA SET 1(COPMT)

TABLE 38.

(wavelength,

JLTA SET 2(LINTL)

AL DATA O

Aview veS71 Gewh?2 Le347
Lulete senly FEPLEE) Je38
ie3e7 Cesls cawtd3 'EYZ 4
a3 Cedud noviedl Jaibs
Li%ed wel3l Jowke Goed7
iid.) wedlt Jed333 PRSI
22948 FEYZ 2 veoPi. Vo233
132.2 g.237 de192
»38e3 v-29% 3.235
atles Lel33d Jeadl
i22en c.adl 8.205
albeuy Jei?5 Veas2
293.7 veil5 3.:75
iived Veilc deld8
2.:8,8 Lelb9 o775 Le285

veu533 de287
cata 327 2 4550 PIENT
T 3 ¢33a48 «es532 wel72

wewtld Gacld
ceulib deldo Jei0dd welul
weu 372 3 %14 cowts9d Se211
veuil8 Leiud dsvoll 0,39
vaw i3] Cel3¢ XLy G.3%95
ven 3o wellie cewt23 d.3s7
Geu i Celdld seut3d JeleS
cev$32 vellt weldid de232
wevd3d Ledct vertul Uei22
vadlan ver33 veubdd beddl
deduad Lenew JeweT2 Jeln2
dedkiu Geadt S 633 N
FEPET-H worat d.275
vk eellio Je.133
sene 3l CeuwllB G.23?
veuwit Geade cee?38 weltda
Cedb~s sen?b2 Jebieie
PRy 4 dswlol Qeu37
wevwSd ield 075 3336
Geua33 dedIS JeoTue 0.333
wevkol welbl Bet?733 3.323
esywo? geid & cebBio Je3d

N
Vo

*

DATA SET 2(CONT.)

J.u513
Davsi
U.d3~~
wsw i 7
Jev3ch
JedSud
Goeege2
et 993

DATA SET
T r 3.4l

Lol
Gelch
Jeild
deicy
el
veld2
Jell3
vells
Velb2
velwd
dalup
velbe
Jetty
Jeile
velfe
Vel bl
0.:63
Jeloo
verts
Gelt$
cerle
veall
Geil2
Vell3
deu 7
Jel84
veubb
veaold

]

[FL XL ]
Lot
Ce3el
vweldub
$e335
Ge3za
§e367
Vet 97

3

Lalbs2
L2607
LeiBén
£.29:29
ted977
L1977
t.2759
Celde2
g.1327
Leldi70
Leinlo
bedSél
ve.1559
ve2559
ue iS5
Lelbe$
Ceiddd
Lellin
Lodng?d
d.a7¢2
Lecinn
Gl
velniv
Ve 2LEG
Lelubi
£.2393
Le3L98
e 336s

THE REFLECTIVITY OF PCTASSIUM I1OLITE

: Texperaturc, T, ¥; heflectivicy, o}

»

DATL SET 3(Cuita)

berdu
wedidd
Vel
veli38
[y 4
Yecu?
1,29
teliz
Cec33
Geilw
Leci?
[T RS ]
Gec2i
Ge2¢>
wecéd
Lecde
Coede
{e229

Lednd

GaTa SET
T s 35.0

Celle
(o325
{eilo
Ce233
Gese?
Gens8
vs129
velde
1322
Le2l3
vedll
belle
G135
Geido
selle
vead7

veldw

Ceedne
we llvO
Celded
Lo 2233
e33%3
LCoeduad
«e3in3
Yeiv23d
Ve 330
Calin3
Le22¢3
ve 23N
Yo lelo
e ined
ve 1827
Ve 2038
Lelv20
velvad
‘et3s?

InTa SET «(CTNT)

Selsl
-t o
welel
weied
Jelnw

Geied

v ™G

vrlsn?

bo.us¢,
“e.5tS
vead7y
Sew3ll
£.0533
wsuodl

[
Lan7%4
Les0dc
Jeu373
PEPE T

eer3td
West e
vert?3
8eutly
'R L E]
$.2923
eld?3
[T}
v €323
wel.l 4
FEYS-RLY
Jelles
£-1%3
-e295.
FPEEERY]
wediel
de3827
Coliid)
L3573
we3775%
wed?:7
Je22wn

902




TABLE 58. EXPERIMENTAL DATA ON THE REFLECTIVITY OF POTA3SIUM 10DIDE {(continued)
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TABLE 58. EXFERIMENTAL 3ATé ON THE REILECT'VITY OF POTASSIUM IODIDE  (vontiuued)
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Transmission of Potassium Iodide
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TABLE 59. SUMMARY OF MFASUREMENTS ON THE TRANSMISSION OF POTASSIUM I10DIDE
e ;e.f eeen s Remans s - I Hav;:;t; Temp;:wu e am AT s E A E A AmeEE S Sre s s EE e e e m————
. .
3:: o. Author(s) Year Used Range, um K Specifications and Remarks
1 158 McCarthy, D.E. 1968 T 0.233-3.03 298

Single crystal; obtained from Harshaw Chexmical Co.; 4.3 mm thick;
transmission measured; data extracted from a figure.

112




e — o vt

90,  ILPLRIMINTAL LATA 0N

TRANSMISSION OF 22143S1UM 10D1DE

iWaveleagth, &, um; Tenpurature, T, K; raasaission, 1)

1z




— . . CLaAnIT T e e e

TABLE 61. PEAK POSITIONS (Ap,y) IN um AND HALF-WIDTHS (W) IN eV FOR THE F, R, M, AND N
ABSORPTION BANDS IN PO1ASSIUM IODIDE*

Interionic F band R1 band Rz band M band N bands
dist,, d Temp. N W A A A W A
(A) max max max wax max
3.53 RT (0.718)" (0.834)  (0.902) (1.000)
0.685 0.34
0.689 0.35
0.692 0.41
0.695
NT 0.661 0.19
0.663 0.21
0.664 0.22
0.673 0.26
0.675
0.676
HT 0.659 0.14 0.810 0.905 1.010
0.666 0.18
0.674

* Values were taken from Ref. [69].

* Values given in parentheses are calculated from the Ivey relations [70].

F band A = 703 d!' %" for NaCl structure, A = 251 d2°% I,r CsCl structure.
ma max

= 816 d'- %

= 884 4! %"

= 1400 4'°5¢

R band X
ma

R band A
ma

X
x
x
M band A
max

€1z
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TABLE 62. RECOMMENDED VALUES ON ABSORPTION COEFFICIENT OF
POTASSIUM IODIDE IN IR REGION AT 300 K
. Absorption Coefficient, cm™!
v, cm A, ym Intrinsick Observedt
ntrinsic (Selected)
2.000E+02 50.0 1.4E+1
2.440E+02 41.0 4.1E4+0 3.6E+0
2.490E+02 40.2 3.5E+0 2.7EH0
2.640E+02 37.9 2.3EH0 2.4E4H0
2.690E+02 37.2 2.0E+0 1.8E+0
2.830E+02 35.3 1.3E+0 1.2E+0
2.900E+02 34.5 1.1E+0 9.8E-1
N 3.030E+02 33.0 7.6E~1 7.8E-1
3.070E+02 32.6 6.8E-1 6.2E-1
3.240E4+02 36.9 4.2E-1 4.9E-1
3.320E402 30.1 3.3E-1 3.5E-1
3.420E402 29.2 2.5E-1 2.6E-1
3.540E+H02 28,2 1.7E-1 2.2E-1
3.630E+02 27.5 1.3E-1 1.6E-1
p 3. 730E+02 26.8 1.0E-1 1.2E-1
3,830E+02 26.1 7.8E-2 5.7E~2
3.930E+02 25.4 5.8E-2 5.4E-2
4.020E402 24,9 4. 5E-2 4.3E-2
4.120E+02 24.3 3.4E-2 2.9E-2
4.220EH02 23.7 2.5E-2 2,.2E-2
4., 320E+02 23.1 1.9E-2 1.5E-2
4. 410E+02 22.7 1.5E-2 1.3E-2
4.510E402 22.2 1.1E-2 1.0E-2
4, 580E+02 21.8 9.2E-3 7.5E-3
4 . 680E+02 21.4 6.9E-3 6.7E~3
4,830E+02 20.7 4.5E-3 6.0E~3
4,950E+02 20.2 3.2E-3 4.5E~3
! 5. 000E+02 20.0 2.7E-3
p ) 6.000E+02 16.7 1.6E~4
| 7.000E+02 14.3 9.3E-6
! 8.000E+02 12.5 S.4E-7
9.000E+02 11.1 3.1E-8
\ 9.434E+02 10.6 9.1E-9
’ 1.000E+03 10.0 1.8E-9
*Intrinsic values were calculated according to Eq. (38)
i with uncertainties about *10%.
'values in this column are the total absorption coefficient
which are either lowest reported or those used to define
the constants in Eq. (38). Uncertainties of these values

are about :10%Z. Values lower than 1.0E-3 carry higher
| uncertainties up to *30X.
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3.7. Cesium Indide, Csl

Early measurements or the refractive index of Csl were made by Sprockhoff
(140] in 1904, using a minimum deviation method for three visible spectral
lines, 0.486, 0.589, and 0.656 ym. These three values were the only available
data for about 50 years. The main reason for such a long period of inactivity
was the difficulty in growing adequate CsI crystals. Large and good quality
crsstals, suitable for optical components, were not available; also, the need

for infrared transparency was not generally felt.

It was not until 1955 that the refractive index for a wide range of
transmission (0.129 t- 53 um) was measured by Rodney [151] on several cesium
iodide samples grown by the Harshaw Chemical Company. The temperature coef-
ficients of the refractive index were determined for each wavelength and all
data were reduced to 297 K. Rodney adopted a dispersion equation of the Sellmeler
type, simplified to five terms, to fit the reduced data.

In the ultraviolet region, 0.20-0.25 um, Lamatsch et al. {152] derived
th2 refractive indices from information on the transmission and reflection
spectra. Since they used vacuum-evaporated thin film samples, the wavelengths
of the two absorption bands obtained are higher than that of the bulk material.
The large discrepancies between this set of data and that calculated from Rodney's

work are to be expected.

Values of the refractive index beyond the transparent region, in the infrared,
were obtained by Vergnat et al. {26] in 1969, by analyzing the reflection spec-
trum. They found that the wavelengths of infrared absorption bands are 117.65
and 161.29 ym at room temperature. One of the two is in close agreement with
that of Rodney, which predominantly contributes to the absorption. Li [33]
reduced the experimental data then available to a common temperature of 293 K
and after careful analysis, generated a Sellmeler type formula representing
the refractive index of Csl at 293 K in the spectral region between 0.25 and
67 um,

2 2 2 2
n = 1.27587 + 068689 A7 0.26090 )* . 0.06256 A% . _0.06527 X
A2-(0.130)%2  A2-(0.147)2  2A2-(0.163)2  A2-(0.177)2

4 0.14991 4 0.51818 4+ _0.01918 4+ _3-38229

- 39)
A2-(0.185)%  A2-(0.206)% A%-(0.218)%2  A%-(161.29)2

where A is in units of um.
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Available da’a on the absorption coefficient, reflectivity, and transmission
of Cs" compiled in the present work are given in Tables 62 cto 70 and are plotted
in Figures 39 to 44. Investigations of absorption ccefficient for practical
applications are generally classified into three spectral regions: the ultra-
violet and infrared absorption edges, and the transparent regions. In the
case of Csl, avallable data in these regions are very limited. In the ultra-
violet absorption edge region, Philipp and Taft [153] reported their absorption
measurements for evaporated films of CsI. Their results were in reasonable
agreement with earlier observation of Hilsch and Pohl [19] and Schneider and
O'Bryan {20]. Lamatsch et al. [152]) measured absorption coefficient for Csl
film in the excitonic region, their results in the absorption edge were in
concordance with those of Philipp and Taft [153]}.

In the multiphonon absorption region, Beairsto and Eldridge {154] determined
absorption coefficient for CsI by measuring the transmission of samples of
various thicknesses using a Fourier spectrophotometer. They found that the
most reliable values of the absorption coefficient, @, were obtained when the
thickness of the sample, d, was such that ad = 1.0. As Csl does not cleave,
the samples were cut with a wire saw and then carefully polished. With appro-
priate care, they found that the samples, stored over long periods, showed

little deterioration.

As shown in Figures 39 to 44, the optical properties of Csl behave similarly
as the other members of alkali ahlides. Although it is clearly suggested that
in both of the absorption edges the exponential dependence of the absorption
coefficient on frequency should hold, data at hand are insufficient to define
unique solutions. As a result, it is not feasible to report recommended values,
and only measurement information and original data are presented here in Tables
63 to 71. ‘
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TABLE 630 SUITLRY OF MNUASURISENTS On ALSURPTION COLFPICILNNT OF CLsIuM JODIDL (Wavows oot Depende neg)

Mcthod

Wavearobher Temperacure
N o asu . .
Author(s) Year Csed s Ra;:\g,e' X Spucifivatisns and Ru .irks
1 154 Scairsto, J.A.B. and 1973 T 3.79%10°-1.49x16° 12 Single crystal; pliace speci-ens of differe s
Eidridge, J.E. mechanically aad chwmically polisuned; transmittance spoctra
ohtained and absorption coefficivnts deduced; absurption-
coufficicnt data oxtracted from a [igure.
2 156 d:atrsco, J.A.B. and 1973 T 1.5x10*-1.7x10? 77 Same as above cxcept at a higher temperature.
Eldeidge, J.E.
3 154 Beairsto, J.A.B. and 1973 T 1.5x10%-2,0x10° 300 Same as above exccpt at a higher remperature.
Fldridge, J.E.
4 155 M. tolidi, E.N., 1974 T 3.8x10'-4.2x10" 300 Single crystal; prown in c¢vacuated quartz vials by tiec
Ncklyudov, 1.M., and Stockbarger muthod from melt of pure s3lts; 2.5 5 3 x 8 m3
Panova, A.N, specimeni mechanically ground and chemically polishied; an-
‘ nealed for six hours at 773.15 K; absorption-coefficicnt data
taken from a figure, .
H 353 Piilipp, H. and 1956 R 4.03x10%-5.4x10"% 470 Sure Csly obtaincd from the Fairmount Chemical Co.; thin fils
Toit, E. specimens evaporated onto a sapphire substrate; uwlsorption
couvfficiunts measared; data extracted {rom a figure.
6 153 Philipp, H. and 1956 R 4.1x10%-5.4x10" 300 Similar to above except at a lower tomperatute.
Taft, E.

? 153 f and 1956 R 4.3x10%-5,4x10" 180 Similar to above eacept at a lower temperatufe.
Talt, E.

|4 153 Philipp, H. and 1956 R 4.0x10%-5,4x10"° 80 Similar to above except at a lower tumperature.
Talfe, E.

9 156 Dianwv, E.M. 1967 T 1.5x10'-2.1x20" 293 Single crystal; planc-parallel plate or disk specimens of 50
80 mm diarcter and various thickncsses; averare abscrption
coefficients deternined ron the noasured values of trans-
nission In the absceace of internal interference; duta ux-
tracted from a figure.

i0 156 DPicaov, E.M. 1967 R 7.27-20.8 293 S.ane as above,

11 150 Pianov, .M. 1967 R 7.25~20.8 78 Similar to above ¢acopt at a lowes tenperature,

12 152 Lanatsel, Hoy 1972 A %.0x10°~5.0510° 300 Thin i n specimen; cvaperated on suprasil quoriz rubeotrate;

Rossel, J., and absor~tion coelficivnts deduced from transmissjon ond re-
Saurer, E. flecol vity measurements; Jdata eatracted from a figure.
13 is2 Liatsech, ., ct al. 1972 z 4.0x10%-5.0x1C" 17 Same a8 above eacept at a lower temperature.
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SUMMARY OF MEASUREMENTS ON THE ABSORPTION COEFFICIENT OF CEST'™ IODIDE (Wivenumber Dependence) (continued)

TABLE 63.
oo . a e —_h & 3 AN M L £ R e FE A 5 P e BT e b PR T I T A ——. AL A S s T TR T 1 o th e e
ata N Wavenumber
Set Ref, Author(s) Year Ae’thod Range, Temperature Specifications and Re~arks
8 No. Used 21 Runge, K
No. cm 8
14 157 Said, K.I. and 1977 R 4.3x10%-9. 2x10" 300 Crystal; mechanically polished in =ineral oil theu rinsed and
Creen, G.W, kept at 307°% Torr; annealed at 403 K for several curs before
measurement; reflection spactrum takea and unalyzed by tne
Kramers-Krouig relation to obtain absorption co2fficicnts;
data extracted from a figure.
15 157 Said, K.I. and 1977 R 4.4x10%-9.2x10" 25 Same as above.
Creen, G.W.
16 108 Diznov, E.M. and 1966 T 5 298 Natural crystal; plate specimen of 3.5 and 22 == chick;
Irisova, N.A. absorption coefficlent deturmingd {rom tran:zissi.a zcasure-
ment; data cxtracted from a table.
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Figure 42. Absorption Coefficient of Cesium Iodide (Temperature Dependence)
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N . Syvaalseations und Roooaras
Range, K
1 156 DLianov, 78-292 Sinnle crystal: planv-parallel pl.llfs or di.k speciacns of 3780 -
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ence: data cvntracted from a {igure.

2 156 Di.aov, h.M, 1967 T 13.2 73-292 Sane as above uxcept for a longer wuveleagth,
k) 176 Biancv, F.M. 1967 T 99 73-387 Same as above except for a longer wavelength.
4 156 Diacov, E.M, 1967 T ) 78-38¢ Same as abeve except for a longur wavelength,
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TABLE 66. EXPERIMENTAL DATA ON THZ ABSORPTION COEFFICIENT OF CESIUM IOLIDE (Yemperature Dependence)
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TABLE 67. SUMMARY OF MEASUREMEINTS ON THE REFLECTIVITY OF CESIUM IODIDE
e et r s e —— - e 1 casia e TR A s wn 4 4% E e ———— . e e (& e ——_ ——— o —
Daca Ref Mettod Wavelength Temperature
« . 3 7 . R R . .
::l Yo. Author (s) Year Used Range. pa X Specificaiions and Remarks
1 154 Beaiisto, J.A.B. und 1973 R 67.2-236.4 300 Single crystal; spccimen with surface polished mechanically and then
Eldridge, J.E. chemlcally; reflectivity measured; data extracted fros a figure.

2 54 McCarthy, D.E, 1963 R 2.10-20.0 298 Synthetic crystal (1 cm thick); polished to flatness of scvea fringes
on both sides; 30° reflectivity measuremcnts mude with gluminua
mirror reference stundard; data extracted {rom a curve,

3 84 Mitsuizhi, A., 1962 R 49.7-223 298 Single crystal; ncar normal reflectivity measured in vacuus with

Yamada, Y., and aluminum reference standard; data extracted from a curva.
Yoshinaga, H.
4 152 Lamatsch, H., Rosse, 1972 R 0.20~0.23 77 Single crystal; near normal reflectivity observed; data extracted
J., and Saurer, E. from a curve.
5 26 Vergnat, P, Claudel, 1969 R 66-297 290 CsI erystals; reflectivities at 15* incidence obtained; data ex-
J., Hadui, A., and tracted from a figure.
Strimer, P.
6 26 Vergnat, ?. et al. 1969 R 82-246 80 Same as above.
7 26 Vergnat, P. et al. 1969 R 72-254 4.2 Same as above.
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TABLE 69, SUMMARY OF MFASUREMINTS ON THE TRANSMISSION OF CESIUM I1ODIDE
e ST T s sennes - - Skt mem e man T ms e T eman s R S EAAAa s WE s TS Sa. o e Emens  ee s mws e TesEen . aesme ko
. Me d Wavelongth Tem t .
ie: R‘c; suthor(s) Year 5:2: ;.::?ge.lgg_m ‘w?e;‘] ure Specificutions and Remurks
0.
1 S4 M¥cCarthy, D.E. 1963 T 2.00-50.00 298 Synthetic crystal; 1 cm thick; polished both sides; data extructed
from a curve.
2 159 Plyler, E.K. and 1960 T 17.2-55.5 298 High purity crystal; obtained from Harshaw Chemical Co.; S ma thick;
Blaine, L.R. data extracted from a curve.
3 8s McCarthy, D.E. 1967 T 0.203-3.00 298 Single synthetic crystal; 10 ma thick; polfshed; data extracted from
a curve.
4 160 Viehrann, W., Arens, 1974 T 0.33-0.67 298 Single crystal; plate specimen of 2.7 cm thick; not encapsulated;
J.F., and Simon, M. transmission messurements perforned utilizing a MeNe laser of 1 ok
output at 0.633 um; data extracted from a figure,
S 160 Vichmann, W. et al. 1974 T 0.33-0.67 298 Similar to above except the specimen encapsulated in Si-oil and
Jucite.
6 160 Viehmann, W. er al. 1974 T 0.33-0.67 298 Similar to above cxcept specimen of 5 ca thick and not encapsulated.
7 160 Vichmann, W. et al. 1974 T 0.33-0.67 298 Similar to above except specimen encapsulated.
8 160 Viehmann, W. et al. 1974 T 0.33-0.67 298 Similar to above except specimen of 2 ca thick and net encapsulated.
9 160 Viehmann, W. et al. 1974 T 0.33-0.67 298 Similar to above Pt specimen psulated.
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TABLE 71. PEAK POSITIONS ()‘max) IN um AND HALF-WIDTHS (W) INX eV FOR THE F, R, M, AND N
ABSORPTION BANDS IN CESIUM 1ODIDE*

Interionic

= A,l':_ggandv_ :i 1—-‘;;;3: ;—;‘—2‘{_2—.::3::(1: e s n = s mem s s rra ow e o

M ;an ?v‘ ands
dist., d Temp. A W 2 A N W A
(A) max max max max max
3.95 RT 0.778)"
0.785 0.36 1.220 0.1
NT 0.750 0.23 1.185 0.05

* Values were taken from Ref., [69].
* values glven in parentheses are calculated from the Ivey relations [70].
F band A = 703 d'*®" for NaCl structure, A = 251 d?'% for CsCl structure.
max max
R; band A = 816 4!
max
Ry band A = 884 g'-%"
max
M band ) = 1400 a''3°®
max

nee
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4., SUMMARY OF RESULTS AND RECOMMENDATIONS

The purpose of the present work is to survey and ccmpile the available
information on the absorption coefficient of alkali halides and to generate
recommended values on the absorption coefficient in the infrared region. The

results of this study are summarized below.

The Urbach rule appears to be generally applicable to the uv absorption
edge of alkali halides. Measurements of absorption coefficients as a function
of frequency at various temperatures, enable the establishment of the equations
for the Urbach tails. These equations are useful in predicting the intrinsic
absorption coefficients for these materials. Compared with the experimental
results at the tails, this rule provides clues regarding the extent of impurity
or defect in the samples. To ascertain if the Urbach rule can be extended into
the transparent region requires experimental data on ultrapure samples. The

current available data are less than adequate to provide such positive evidence.

In the highly transparent region, absorption coefficients are usually low.
Since refractive indices in the transparent region can bc¢ measured accurately,

the corresponding absorption cocfficients can be calculated from the expressions

g = (=1 + K
(n+1)? + k?
and
a = 4mky

It is clear that o can be determined provided that recliable reflectivity
data are available. Such important data are currently missing as reflectivity
measurements are concentrated in the fundamental uv absorption band and the

reststrahlen region.

Available data in the multiphonon region indicate that the absorption
coefficient can be expressed as an exponential function of frequency. Deutsch's
results [12] supported the exponential dependence of the absorption coefficient
on frequency for LiF, NaCl, KC1l, and KBr; however, due to inadequate data,
such a relation could not be developed for NaF and KI. However, we have found
in this study that such an exponential relation can also be formulated for

NaF and KI based on the following findings:



—

Listed below are the constant, Vs in Egs. (23), (29), (32), and (35)
for LiF, NaCl, KC1l, and KBr, respectively, and their corresponding
molecular weights, M, including those of NaF, KI, and CsI. In addi-

tion, the corresponding 1/M are also given.

LiF NaF NaCl KC1 KBr KI Csl
Vg, cm} 153.2 56,0  50.8  39.1
M, g mole™? 26 42 58.5 74.5 120 166 260

1/M, mole™'g 0.0385 0.0238 0.0171 0.0134 0.0083 0.0060 0.0038
A plot of log vo versus 1/M for LiF, NaCl, KCl, and KBr as shown in
Figure 45 reveals that these four points can be approximated by a
straight line. Based on this plot, the predicted values of Vo for

NaF, KI, and Csl are, respectively, 78.5 em™!, 35 cm™!, and 32 cm™?,

In the case of NaF, available data by Hohls [29] and Klier [41] (see
Fig. 11) suggested a much higher value for Vo However, the data

set obtained by McNelly and Pohl [80), read off from Figure 12, for
a tempetature of 300 K gave a value of 79.5 cm™' for Vor closely in

accordance with the predicted value 78.5 cm™?.

Careful review of
their reports indicated that McNelly and Pohl used samples of extreme
purity and they found no indications of any extrinsic absorption.
Based on this evidence and the match of predicted Vo value, we con-
fidently adopted Eq. (26) to represent the absorption coefficient

of pure NaF in the multiphonon region at room temperature.

In the case of KI, similar situations were encountered. Available
data reported by Harrington et al. [104] were used to test the pre-~
diction. Indeed, a value of 35.1 cm~! for v, was found and Eq. (38)
was consequently adopted. In the case of CsI, unfortunatelv the cur-
rent state of available data is inadequate either to substantiate

the prediction or to define a unique value for Vg

With two additional points, those of NaF and KI, in Figure 45, there is

little doubt to believe that log v, is proportional to 1/M in the form of

equation

B/M

v_ = Ae

[}

where A and B are constants. No attempt was made to assign numerical values

to these

constants until the physical meaning of this equation is understood.
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A close examination of the absorption spectra in the multiphonon region
for LiF, NaCl, KCl, and KBr (shown in Figs. 5, 17, 23, and 29), one will ap-
preciate the strong possibilities that analytical expressions similar to those
for the Urbach tail region can be formulated for the multiphonon region. Re-
sults toward these ends will be presented in the second report of this study

on alkali halides.

In the wavelength region of laser interest, absorption coefficilents were
made available at a few selected wavelengths. Although it appeared that ab-
sorption coefficients at some wavelengths, 10.6 um for example, could be pre-
dicted by Eqs. (29), (32), and (35) in the cases of NaCl, KCl, and KBr, exper-
imental data showed considerable discrepancies due to impurities and surface
contaminations. Furthermore, determination of extreme low absorption is hampered
by the limit of instrument sensitivity, hence the inevitable discrepancies.

Many investigators treated the bulk and surface absorption as two separate

parts and efforts have been made to identify them separately. As a result,

very low bulk absorption coefficients (close to the intrinsic) were reported
with surface absorption generally many times higher. In practice, however,

the total absorption actually accounts for the objectionable effects at high-
power levels. Natural consequences of this are numerous investigations aimed

at climinating or reducing the extrinsic contributions. Growing of crystals
with the reactive-atmosphere process and cleaning the surface with various chem-
ical techniques are two popular means that have been employed. To date, only

modest success has been achieved.

Assignment of the bulk and surface origins of extrinsic absorption at
9.5 and 3.8 ym has been controversial. Some workers believe that surface
contamination is the main cause of excess absorption; others think bulk impur-
ities are the reason. No clear line can be drawn between these two views based

on currently available information.

Some materials have relazively high intrinsic absorption at certain laser
wavelengths, However, it has been made clear by the advances of laser tech-
nology that laser wavelengths are no longer limited to the 2-6 um region and
to 10.6 ym, the so~called chemical and CO, laser wavelcngths. New developments
have shown that laser action can be produced at other wavelengths in the near
infrared, visible, near ultraviolet, and ultraviolet regions. Optical mater-

ials that are not suitable at certain wavelengths may be found to be important




239

at other wavelengths. It is clear, therefore, that well planned and systematic
experimental investigation of absorption should be carried out, covering wide

spectral and temperature ranges for a wide variety of optical materials.
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APPENDIX

The figures included in the Appendix are vuv absorption spectra of the
seven materials which are preseated in this report. For each data set, the
purposes of the 1investigations, where the curve was taken from, differences
for different spectral regions are specified. Some researchers were interested
in the absolute values of absorption coefficients, some simply wanted to show
the spectral structure. As a result, m ny workers adopted arbitrary (arb)
units for the absorption coefficient (a°. Since the purpose of including these
figures is to provide the readers the supplemental parts of the complete ab-
sorption spectra, selected, typical results are plotted in a single scale and

the appropriate scaling magnitudes are given in the legend.
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